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SUMMARY

This study elucidates the effect of various processing parameters on PAN/carbon
nanotube (CNT) composite fiber structure and properties

In Chapter 1lliteraturereview andhe objectives of this thesis are pented.
Studies orthestructure, processing, and properties ofggin PAN/multiwallcarbon
nanotubg MWNT) composite fibers follow in Chapter mteractiors betweerthe PAN
andthe MWNT enabled the gedpun PAN/MWNT composite fiberto be drawn longer
thanthe control PAN fibers, resulting inacomposite fibetensile strength cds high as
1.3 GPa. PAN/MWNT composite fibewgere stabilizedndcarbonized, and the resulting
fibers have been characterized for their structure and propédtiesifect of shelftime
onthemechanical properties of ggbun PAN/MWNT composite fibeiis alsoreported.

A rheologicalstudy of PANco-MAA/few wall nanotubg FWNT) camposite
solution ispresentd in Chapter 3. At low shear raf¢he network of FWNT<sontributes
to elastic responseesulting in higher viscosity and storage modulus compartiéeto
control solution. On thether handat high shear ratetf)e network of FWNTscan be
broken resultingin lowerviscosityfor the composite solutiothanthat forthe control
solution.

Large PAN crystal size{16.2 nm) and enhanced mechanical propesties
observed whethe fibes weredrawnat room temperaturegld-drawing prior tobeing
drawn atelevatedemperature (~ 168C; hotdrawing). Azimuthal scan of widengle %
ray diffraction WAXD) and Raman éand intensities wenesed forthe evaluation of
Hermaris orientation factor for PAN crysta(fpan) and FWNT(frwnt), respectively.

Significantly hghernanotube orientatiowas observed thaPAN orientationatanearly
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stage of fiber processinBifferential scanning calorimetry (DSC) revealed that Pé&dN
MAA fiber can be convertenhto cyclic structureat milder conditiors thanthose forPAN.
Continuoudn-line stabilization carbonizationand characterizatioof theresulting
carbon fibes were carried out

Solution spinning of PAN0-MAA/VGCNF, characterization ahesolution
spun fibes, and rheological studies goeesentedn Chapted. The diameter of PANO-
MAA/VGCNF composite fiber is smaller than thaftthe PANco-MAA control fiber
with same draw ratio due to the suppressedwdiell in the presence of VGCNH.he
mechanical properties of PABb-MAA control and PANco-MAA/VGCNF composite
fibersare characterizerystalline sructureand morphologyf the solutionspun PAN
co-MAA/VGCNEF fibers are characterized using WAXD aschnningelectron
microscopy (SEM), respectivel. new method foevaluaing theorientationof VGCNF,
which has double layer structurepresentd.

Gel spinning of highmolecular weight PANs discussedn Chaptels. Dynamic
rheological testesultsof high (4.73 10° ~ 5.23 10° g/mol), and low(2.43 10° g/mol)
molecularweightPAN solutionare compared to addrebe issueof molecular weighbn
PAN spinning. Various types of high molecular weight hearal cepolymer PAN
fibers are prepareand their structure and properties are characterized

In Chapter 6,he wlume fraction oPAN-CNT interphase ilPAN matrixis
calculatedo illustrate the impact of CNTs on structural chaimg@AN matrix when
ordered PAN molecules are developed in the vicinity of CN'he effect of PANCNT
interphase thickness, CNT diameter, and mass density ofo@N®lumefraction of
PAN-CNT interphase wasxplored.

Conclusions and recommendations for future work are given in Chapter 8.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Carbon fibers consist of at least 92% cafthpnCarbon fibers have excellent
mechanical strength, yet they are light weight, have good electrical and thermal
conductivity,areresistanto chemicas, andhave theability to withstand high
temperaturén aninertenvironmentCarbon fibers can be produced by applying high
heattreatmento organic polymer precursor fibers which have high carbon yiéld.
mostusedprecursomaterials for carbon fibearerayon[2-4], pitch [5-11], and
polyacrylonitrile(PAN) [12-35] fibers. Among the three major precursors, rayon fibers
arecurrentlynotavailable commerciallylsotropic pitch based carbdibers are
inexpensivebut have relatively low mechanical propertiddesophase pitch based
carbon fibers are able to meet specific needs dueitchilyg modulus. PAN based
carbon fibes arewidely acceptedstheir compressive strength is greater thaat bfthe
pitch basedibers, and themechanicaproperties othefinal carbon fibers can be tailored
by controlling theheattreatmentonditions

Among the carboallotropes CNTs have exceptional mechanical, thermal,
electrical,andoptical propelies[36-37], andthey possestheability to templatgpolymer
crystalzation[38-44]. Thus, superior physical and mechanical properties have been
reported for CNT incorporatigpolymers [45-78]. Also, enhanced tensile properties of
carbon fiberglue toincorporaton ofcarbon nanotubes (CNTis) PAN precursohave

beenreported79-80].



1.2 Processesor Making PAN BasedCarbon Fiber

1.21 Spinning
The acrylic precursor fibers can be produced by various spinning techniques such

as solution, melt, and gel spinning. Amongstmolution spinning ishemost common

procesdor acrylic fiber productiof81].

1.2.1.1 SolutionPreparation

Either an organic or an inorganic solvent can be used for the preparation of
polymer solution dope for spinnin§uitable orgait solvents aré&l,N-
dimethylformamidg DMF), N,N-dimethylacetamid¢€DMAc), and Dimethylsulfoxide
(DMSO). The inorganic solvestare nitric acid, aqueous sodium thiocyanate, and
agueous zinc chloride. To eliminate captured air bubbie dopes storedfor more than
24 hrs before spinning.

For better processing and fiber propertias, $olid contents dhedopeshould be
optimized depending updhe molecular weight of the polymek.solution of lower
molecular weight polymerequiresa higher solid ontent due to the low intrinsic
viscosity82-83]. At low shear rate, viscosity of solution increase with molecular hteig
of PAN if measure with same solid con{@df. On the other hand, viscosities of
different molecular weight PAN solution converdénagh shear rate. This implies the
difficulty of solution preparation with high molecular weight PAN, since conventional
solution preparation is done under low shear Mitcosity of PAN solution can also be

affected by its temperatyBs].

1.2.1.2 SolutionSpinning

Solution spinning isafiber manufacturingprocess whiclnvolvesdissolvingthe
polymer intoanappropriate solvepandtheinjection ofthe prepared solutiothrough

the nozzle whiclis also known as spinneret. The solution spinning can be classified by



the arrangement afie spinneret anthe coagulation bath(i) Wet spinning implies that
spinneret is immersed in the coagulation batthatthe asspun fibergpassdirectlyinto

the coagulation bath(ii) Dry spinning refer$o solution spinning withou& coagulation
bath. The solvent in the &pun fiberds evaporated by passitigemthrough the hot
chamber.(iii) Dry-jet wet spinning isimilar towet spinning but haanair gapbetween
thespinneret anthe coagulation bath. The coagulation bath consists of a nonsolvent and
asolvent which isdenticalto thatused for dissolvinghe polymer.The coagulation rate
can be controlled by adjusting the composition of the coagulasittn Bhe highethe
concentration of nonsolverihe fastethe solvent exchangeesuling in rapid
coagulationTemperature athe bathalsoaffects the coagulatiomate[86-87]. If the
coagulation rate is too fashen the cross section of fibers becomes irregular and #@rms
skin-core structurel-or these reasgna slow coagulation rates favorableto obtain fibers

with enhanced structure and properties

1.2.1.3 Gel Spinning

To achievéhigh mechanicapropertes,the number of defects in the high
performance polymeric fibenustbe minimized. Undedeformation the stress
preferentiallyconcentragson the defect sites such as chain ends, voids, chain
entanglement, and foreign partide8]. Some of those defects can be minimized by
utilizing the gel spinning processvhich was invented at DSM in the Netherldi893. By
theuse ofthegel spinning techniqué AN solutionis spun intoa quenching bath to form
fibersin a gellike-state.Dilution of polymer solutions considered to minimize the
entanglement in the gel spinning proc&sassunng thatone entanglement between
two polymer molecules is enough to endine integrity ofthe PAN molecules anthe
stability duringthe drawing procesgjealentanglemenstatuscanbe achieved at certain
concentration levdlC*) whoseexpres®n is

C* = MM



where M, is entanglement molecular weight and Mhemolecular weight othe
polymei89]. So, as molecular weighicreasesthe desired concentration (Cdecreases
However the actual concentration of spinning dope is higher than C* to ensure process

stability by controllinghe number of entanglements.

1.2.2 Stabilization

Prior tothe carbonization process, tiAN precursor fibers go through
stabilization process wHhicinvolvesheattreatmentat 180~ 300°C under tension in an
oxidative atmosphere. The stabilized fibers are thermally sfabtee subsequent
carbonization process which involviesattreatmentatvery hightemperatureThe
stabilization is very crucldo the properties ahefinal carbon fibers because it
determines the structure thfe carbon fibers. The structural imperfectsomhich act as
defect can be minimized by optimizing the stabilization conditiofs optimize the
process, several key tacs should be considered and turgeth agypes ofcomonomeyr
tension, temperature, heating rdteatingtime, and the treatment medium, as discussed

below.

1.2.2.1 Types ofComonomers

In general, the copolymer PAN precursors can be converted inéo Qaality
carbon fibers than homopolymi#bersbecause of the different mechanism involved
duringstabilization It is well known thathe stabilization of homopolymer PAIS
governed byaradical mechanism, whileopolymerized PAN with acidic comonomisr
govenedby anionic mechanisriB83]. The madical mechanism of cyclization is shown in
Figure 1.1(a). During theheattreatmen(~180°C) of homopolymer PAN, free radical
can be generated@he unpairealectron orthe nitrogen atom othefree radical helps to
bond adjacentitrile group (cyclization) and yieldsnewunpairedelectron Thus the

cyclization reactiortontinues On theother handthe acidic siteen PAN copolymerized



with anacidic comonomeplay a key rolen theionic mechanisnof cyclization The
debonding between oxygen and hydrogecuss disproportionatelyand an electron pair
in the negativiy charged oxygen atom forms a bowih the adjacent carbon atamthe
nitrile groupas shown irFigure1.1 (b). Subsequentlythe nitrogen atonof this adjacent
nitrile groupforms a new bond tthe next carbon atom in the nitrile group. This process
contintes along the chain until the chain esterminated bya=NH group.

Due to heexothermicature ofthecyclizationreaction, localized heat can lead to
abrupt gas evolutigmesulting ininhomogeneityn thefiber. In theradical mechanism,
the manageent of heat generation is a probleoringhomopolymer PAN cyclization.
Once the cyclizatioreactionis initiated, the generated heat suppmore energy to
increase the rate of cyclization ati@ surrounding temperature. The increased
surrounding tempature and low thermal conductivity thfe fiber make it hard to
dissipate the excessive heat. Such excessive heating may cause chaintbeisgisras
a defect in carbon fibers. To dissipate the heat more effectively, slow propagation is
preferred. Baed on tkese explanations, the incorporation of CNTs in the PAN fulaer
enhance the quality ¢iie carbon fibers by reducing the rate of cyclizafi®} andby
helpingwith the dissipation olieat due to their high thermal conductiviburing
cyclization,acidic comonomer lowsthereactioninitiation temperature and broaden
the exothermic peak tfiecyclization reation. Acrylic acid, methacrylic acid, itaconic
acid, methacrylatéester) acrylamide(amide), andjuaternary ammonium salts
(ammonium salts of vinyl compoundsre known as possible comononj88. The

chemical structures of various comonomerandidates are listed in Tadlel
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Figurel.l (a) Radicalmechanismand (b) ionic mechaniswf the cyclization

reaction83].

Tablel.1 Various Comonomers for Acrylic Precursi@@g].

Comonomer Chemical structures
Acrylic acid (AA) CH,=CHCOOH
Methacrylic acid (MAA) CH,=C(CH;)COOH
Itaconic acid (IA) CH,=C(COOH)CHCOOH
Methacryate (MA) CH,=CHCOOQCH3
Acrylamide (AM) CH,=CHCONH,

Thedecrease imitiation temperatur@a the copolymewith respect to the initiation
temperature ithehomopolymer PANSs in thefollowing order; itaconic acic
methacrylic acid> acrylic acid> acrylamideg91]. ltaconic acid has two carboxylic
groupswhichinvolve initiation ofthe cyclization in ionic mechanisnihus,itaconic acid
showedthelargestdrop of initiation temperature tie cyclization reactionlncreased
comonomer conteméads tdbothreducel cyclization time andeducedcarbon yield of
thefinal carbon fibers. For this reasdine optimum content of acidic comonomer is

reportedto beabout 2 moP6 [92-94].



1.2.2.2 Effect of Tension

The tension applied during the stabilization process prevents th&asdeiwhich
would otherwise lower thenolecular orientation. There are two types of shrinkage during
the stabilization procefg5]: (i) physical shrinkagés therelaxationof polymer
molecules during theeattreatmentdue to the entropic recovemnd(ii) chemical
shrinkagethatcomes fronchanges inthe chemical structure since thength ofcarbon
carbon double bond in the ladder structure is shorterthi@mfsingle bondThe regular
position ofthenitrile group helps to forntheladder structure ithe cyclization process.

If the polymer molecules are relaxed, cyclization becomes difficult due to the irregular
position of the nitrile groupl'ension applied during the stabilization processstelp
prevent shrinkage so that the polymer molecule alignment can be preserved throughout

theprocessresuling in better tensile properties.

1.2.2.3 Effect of Temperature anHeatingRate

In general, theheattreatmenttemperature forstabilization can be adjustel
dependhg on the types of comonomers precursor fiber diameter, and morphological
structure othe precursor PAN fiberA heating rate of less than°C/min was suggested
for the stabilization procest® obtain better properties carbon fijef. As stated earlier,
the localized heat generation can be suppressed by redbeihgating rate since the

nature of cyclization reaction is exothermic.

1.2.2.4 Effect ofHeatTreatmentMedium

Carbon fiberswith superior properesare produced from precursor fibers
stabilzed undeanoxidizing medium rather thainderaninert atmospheré& he oxygen

containing groups (such as hydroxyl, carbonyl, or carboxyl groups) are introdtmed in



the backbone of ladder polymdihe fusion of the ladder chains can be promoted in the

presence of oxygen containing groups during carbonizatior Z2dg¢p

1.23 Carbonization

The @arbonization process refexshigh tenperature (~150€C) heattreatment
afterthestabilization proces®83]. The heat transfer, chemical reactiand massransfer
are involved in the carbonization process. Throughout the carbonization process; the non
carbon elements are elimindt@a the form of volatile gasssuch as HCN, Nkj H;O,
CO,, Np, and hydrocarbon®&apid irruption of gas occurs on the fiberfagewith a
heating rate higher than 5 °C /min acalsesrregularfiber surfacewhich decrease the
fiber tensilepropertief96]. The carbonization should be done uraeinert medium
such as itrogen or argormasto prevent oxidation at high temperatugdemical fusion
of ladder structure takes place by condensation of water, dehydrogeaati®ncross
linking (Figure 12). Studies on the relatishipbetween finaheattreatmentemperature
and mechanical properties reveal that the tensile strength reatiaesmum ataround
1500 °C, while the tensile modulus keeps increasanhdurther higher temperatures of

carbonizatiorf97].
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1.3 Effect of Carbon Nanotubes onEvolution of Structure and Properties

1.31 CNT Rheology

It is important to understand rheological behavior of CNiB4, affects
processing condition®kheological behavior of a polymer/CNT composite has been
reported99-108]. Kim et al[101] reported that viscosity apoxy/CNT composite
increased when surface modified CNTs (aminej,ami plasma treated) were use
compared to control epoxy as well as epoxy/CNT without surface treathimesmitmplies
thatinterfacialbonding between CNT and Epoxy and dispersion of CNT are improved by
surface modification of CNT. Ma et |Hl02] conduted extensional rheology of
epoxy/SWNT (functionalised with Arene Diazonium sgltompositesuspensionTlhe
epoxy/SWNTsuspensioshowed longerlengationthan neat epoxguspensiomnder
extension suggestingeinforcing effect of SWNT during extensioku et al[108]
investigatedheological properties of isotactic polypropylene (iPP)/MWNT
nanocomposites. With relatively low aspect ratio (22 to 45), network structure of MWNT
is prone to breageunder high shear deformation, resulting in less elastic contribiation
rheological response of iPP/MWNT. On the other hand, network of high aspect ratio
MWNT can resist more under high shear flow than that of low aspect ratio MWNT.
Suppressed diswell of iPP/MWNT was observed by conducting capillary rheometry.

PAN/CNT sdution showed nomewtonian behavior such as shear thinfir@g-
113]and showed higher storage and loss moduli than PAN sdllti®jp Khenoussi et
al[109] observed flow threshold behavior (sudden viscosity drop duriray stress
sweep test) of PANMMWNT dope wherMWNT content is higher than 2.0%. Wang et
al[111] studied rheological behavior of PAN/MWNT spinning dope which prapared
by in-situ polymerization. The molecular weight of PAN decreased with increasing
MWNT content in the system. The appareiscosity of PAN/MWNT dope decreased

with increasing MWNT content due to the reduced molecular weight of FA&I.
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PAN/MWNT solution showed sheétickeningbehavior if MWNT content is higher than

0.53 wt.%.The reason for shear thickening behavior wasemplained.

1.32 Structure of PAN Precursor Fiber

The PAN molecule has nitrile side groupathave strong dipole interactions. It
is well known that the intrdipole interactions of nitrile groups are repulsive while mnter
dipole interactions are adtttive. Because of those strong repulsive dipole interactions,
the PAN molecule forms a helical coil structure. The unit caethebrdered phsein
PAN is controvergl; (i) hexagonal or pseudwexagonal structure with two dimensional
order,and(ii) orthorhombic unit cell with three dimensior@ader[114-119]. Bashir
reported thab PAN molecule can corystallize witha polar solvent such as propylene
carbonate to formnorthorhombic crystél20]. If the solventis evaporategdthen the
orthorhombic crystal structure can reveratoexagonal crystatructure Gupta and
Singhal et alproposed a modelith PAN molecules of helical conformation as flexible
rods ofabout6 A diametdfi21]. In the ordered regigothese molecular rods are aligned
and hexagonally packed togeth@hereagsheamorphous region showsisalignmens of
rods such as entanglementspps,heterogeneitycomonomer), foreign particleand
other defed.

It was reported thatmaicturalchangesvereinducedby theincorporation ofCNTs
[122]. The crystal size of PAN/SWNT composite fiber is comparable or slighibller
(11.2 or 11.5 nmthanthat inthe control PAN fiber(11.7nm). However the crystallinity
increasedvith theintrodudion of SWNT (68 ~ 69% for PAN/SWNT composite fiber vs.
65% for PAN control fiber). This is also confirmed by compathmtensile moduli of
fibers. The tensile modulus of PAN/SWNT composite fiber exceedqurélakcted value
calculaed bytherule of mixtures with assumption of ideal orientation of SWNT (which
aligned perfectly along the fiber axisjggestingroperty changes ithe PAN matrix

(enhancedrystallinity). The meridional peak position WAXD paternshiftedto lower
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2d with theincorporation of SWNTimplying an increase in thglanar zigzag sequence

of PAN chains.

1.3.3 CNT Orientation

Anisotropic mechanical properties have been observed due to the alignment of
CNT in composite systefd23-135]. To evaluate CNT orientation, variotmolsare
introduced such ag;ansmission electron microscopy (THW¥R7-128], scanning electron
microscopy (SEM)L29], focused ion beafh25], X-ray scatering124, 136] atomic
force microscopy (AFM)L23], and Ramarspectroscopyt23-124, 132, 137138]. Carbon
nanotube orientation, and particularly that of the single wall carbon nanotubes can be

guantitatively determined using Raman spectrosci37].

1.34 Structur al Changesduring Heat-Treatment

As stated earlier, the PAN molecules can be regaadfexible rodswith a
diameterof about6 A . Ko et al. showed structural changes in PAN molecular structure
during stabilizatiorby using flexible rodsnodel[32-33]. Below 180°C, the crystal size
and orientationncreaseslightly as temperature goep,aue to thamigration ofsome
acrylonitrile group from theamorphous phase tbe ordered phasé&.he cyclizations
initiatedin theamorphous regiswhen temperature exceeti80°C becausenore
energy is needed to weaken the attractive dipole intenscdf acrylonitrile groups ithe
ordered phaséieat generated kthe exothermic cyclization reactian theamorphous
phase helpto overcomehemolecular interactions itheordered phasénitiating
cyclization reactions itheordered phase. As tlhlemperaturéncreases furthethe
cyclization reaction spreads throughout the ordered regrmahthe reaction ratacreases

Energydispersive Xray spectroscopyEDS) studie$139] revealedtatchemical

compositionof the stabilized PAN fibersould be 40% oécridone rings30% of

12



naphthyridine rings 20% ofhydronathyridine rings, and.0% ofother structuresas

shown in Figurdl..3.

0 0 OH
[ ] >
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acridone naphthyridine  hydronaphthyridine others

Figurel.3 Chemical structug of stabilized PAN precurdd39].

During carbonization, the ladder polymer chains fuse togethertfrem
elimination of theoxygen containing groups around 600C, and the remaining nitrile
groups are cyclized (Figure2 (a)). At 700°C or higher, the fusion of ladder polymer
chains also takes placetht nitrogen atoms (Figurg.2 (c)). The fusion of ladder chains
continues throughout the carbonizatmmocessuntil the majority ofnon-carton atoms
are removegand the sphybridized carbon atoms are hexagonally packed together in
basal plane. In the basal plane, the bond length and angles are comparable to the graphite
structure and those graphit planes areandomlystacked together ingpallel fashiorand

separated by distance of 3.4 .

1.35 Structure of CNT Incorporated PAN BasedCarbon Fiber

In general, highly ordered graphitic structures are not expected for PAN based
carbon fibers without graphitization. When PAgiiigle wall naotubes (SWNT)
composite fibers are used as a precursor-@etkloped graphitic structuigobserved
in thevicinity of SWNT. The carbonization temperature of #asbon fiber was 110TC,
which isarelatively low temperature for this structure. Thiaghitic structure affected
by SWNT can be confirmed by Raman spectra. IntensitiyesB-band (ca. 1590 cif)

for PAN/SWNT based carbon fiber increasdth applied tension during carbonization
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as shownn Figure 14 B. On theother handPAN based carbdiiber didni exhibit G
band intensity (Figure 4 A). Due tostructuralimprovemers, the tensile strength tifie
PAN/SWNT based carbon fib€3.2 GPawas60% higher thaf the control PAN based
carbon fiber (2.0 GPajimilarly, thetensile modulus ahe PAN/SWNT based carbon

fiber (450 GPa) wasignificantly higher thathat ofthecontrol PAN based carbon fiber

(302 GPa).
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Figurel.4 Raman spectra for the carbonized (A) PAN and (B) PAN/SWNT (99/1)
fibers as a functioof applied stress during stabilization and carbonizgi®jn

1.4 Objectives of Thesis
The overall objectives of this study are:
1 To study the ffect of Carbon nanotube€{Ts) on the flow b&avior (rheology)
of polyacrylonitrile(PAN) solution
1 To study thePAN crystal and CNTerientation at differenstage of fiber

processing
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1 To studythe effect of spirdrawingand hotdrawing onstructure, and properties
of dry-jet-wet spurpolyacrylontrile-co-methacrylic acid (PAN0-MAA)/vapor
grown carbon nanofiber (VGCNF) composite fiber

1 To study the gespinning of high molecular weight PAN (homand ce
polymer)and PAN/CNT compositBbers.

1 To estimate the volume fraction of the interphaseAN/CNT system as a

function of CNT concentration and interphase thickness
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CHAPTER 2
PAN/MWNT COMPOSITE P RECURSOR FIBERS AND THEIR

CARBON FIBERS

2.1 Introduction

Chae etl.[140] compaedthereinforcement efficiency of various types of CNTs
in solution spun PAN/CNT fiber3heyconcluded that SWNJaregood for enhancing
low strain property (tensile modulysjue to the large surface arewhereasMWNTs
showimprovement ohigh stran properties (tensile strength, and work of rupture) due to
thelongerlengthof MWNT. The nechanical properties of PAN fiteecan be improved
through thegelspinning of PAN89, 122] In this study, gel spinning of PAN/MWNT
composite fibers was carried pahd characterization of their mechanical properties and
structural changes wasie. Alsq stabilization and carbonization of ggbun
PAN/MWNT compositdiberswere performe@ndthe resuing carbon fibersvere

characterized

2.2 Experimental

2.2.1 Materials

Polyaciylonitrile [homopolymerPAN, of molecularweight(M,,) 2.53 10° g/mol]
was obtained from Japd&xlan, Co.Multi-walled nandubes (MWNT: with about5 wt.%
metallicimpurity) were obtained frorl@heaptube Inand used as received/AXD of
theseMWNT revealed thatheaverage number of walin this speonenwas 18 WAXD
scan of these MWNTSs is given figure 2.1 (a)From this WAXD (002) peak, crystal
size was determed using the Scherrer equation and the averageer of walk was

determined by dividing this value of crystal size by the interlaygotifia spacing of
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0.34 nm.Theaverage diametaf 53+ 13 nm was obtained from SEM micrograpas
shownin Figure 2.1 (b)N, N-dimethylformamide (DMF) from BDH, Inc. asused &

thesolvent
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Figure2.1 (a) WAXD and (b) &M micrograph of MWNTSs

2.2.2 Solution Preparation

MWNTSs (150 mg)weremixedin DMF (400 i) and homogenizedt 22,000
rpm for 30min prior to ultrasonication. The aprepared MWNT/DMF solution was
placed inanultra-sonicator(Branson 3510RT, 100W, 42 kHz) for 24 hours with
agitation (1,200 rpm by Colealmer model 45540 LAB Mixer). PAN polymer (14.85
g) was dried irmvacuum oven at 10T and dissolved in D (100mL) at 80°C. The
dispersedMWNT/DMF solution was added tthe PAN/DMF solution the excess
amount of solvent was evaporated by vacuum distillation with mechanical stirring to
meetthe desired solid content ithe solvent (153 solids PAN andMWNTs)/100mL
DMPF).

2.2.3Fiber Spinning

The PAN control andPAN /MWNTs composite fibera/ere spun utilizingthe gel
spinningtechniqueandusinga Bradford University spinning uniequippedwith asingle
hole spinneretvith anorifice diameterof 250 um The prepared solution was spun iato

cold methanol gelation batksQ °C) with anair gap of2 cm. The fibers were stretched
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five timesduring the spinning process by increasing the-tgkepeed with respect te
linearjet velocity ofthespun fibersThe asspun fibers were immersed in the methanol
bath atatemperature of30 °C for 72 hours. Thepostdrawing proces&raw ratio in the
range of 5 to 11yvas carried outisinganin-line heatewhosetemperature was
maintained at @5 °C. The total draw ratio was expressesthe product othespin draw

ratio and thepost draw ratioFigure 22 provides schematics tife spinning and drawing

steps.
(a) - Extruding ram
Spin block i
(~110°C) Linear-jet Speed Take-up wmder
l Quenching bath - . Q
777777777777777 ¥ {Methanol ~ - 50 °C) 1 ( Methanol
(& | o
[ Gel spun fiber on spool
Air gap between spinneret and bath (~ 20 mm)
(b)
Feedroller Take-up roller
(5 m/min) {up to 55 m/min)
Drawing
- - (~165°C) - -
o o1 j )

Figure2.2 Schematics ofa) gel spinningand(b) drawing.

2.2.4 Stabilization andCarbonization

2.2.41 Stabilization and CarbonizatioW¢rtical Mounf

Carbon steel bickswere securd as weighg at each end ahe precursor fiber
bundles. Then fiber bundlegere vertically hung oveaquart rod (Figure 2.3) at various
stress levels (5, 7.5, 10, 20 and 30 MPa) and placed in the box furnace (Lindberg, 51668

HR Box Furnae 1200C, Blue M Electric) fdreattreatment For stabilization, fibers
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were heated from room temperature to 285t two different heating rates in the air.
Initially, theheatingrate was sett® °C/min up to 175C and subsequently changed to
1 °C/min. Fibers were hedteated at 288C for 4.5 hoursfollowed by increasinghe
temperature to 33T at a heating rate of°C/min and holdingt thistemperature for 2
hours. Aftercompletng the stabilizationprocessthe fibers were cooled down to mo
temperatur@and subsequently carbonized by increasing the temperature t6Q 40@

heating ratef 5 °C/min under argon and holdirgg this temperaturi®r 5 min.

Figure2.3 Schematic otheset up for vertical hedteatmaet.

2.2.42 Stabilization and Carbonizatiorl¢rizontalM ounf

Graphite blocksvere used talamp both ends dheprecursor fiber bundles
together, andhefiber bundlewashunghorizontally overa graphite rod (Figure 2) ata
stress levedf 22.5MPaand placed in the tube furnaddHl H17HT2.5X24 tube type
furnace with 100nm diameter and 150@m length alumina tuheThe prameters of
tension heattreatmentemperature, heating rate, and isothermal temperature were varied

based on the results fratime vertical mountingheattreatmenstudies For stabilization,
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fibers were heated from room temperature to 5@t a heating ratef 5 °C/min in air
and reld at thistemperature for 2 hourfollowed by increasinghetemperature to
320°C at a heatingate of 5°C/min and holdingt thistemperature for various time
intervals(20, 25, 30, 35, 42,%nd 45 min, respectively). Afteompleing the
stabilizationreaction theargon was purgethrough the furnaceand the fibers were
subsequently carbonidéy increasing the temperature to 13Q0at a heating ratef

5 °C/minandby holdingat this temperaturr 5 min.

Figure2.4 Schematic ofheset up for horizontal hediteatment

2.2.5 Mechanical Properties

The tensile prperties wereharacterized uisg anRSA 111 solids analyzer
(Rheometric Scientific, Co.) at gauge length of 28m and crosshead speed of @.25

mm/s.At least16 specimens were tested for eaample
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2.26 WAXD Analysisof PAN/MWNT CompositeFibers

Wide-angle Xray diffractions ofPAN/MWNT composite fibers were collected
using aRigaku MicroMax 002 Xray generatowith confocal optics to produdé U
radi ati.5418A)@reequipped with &-axis [V++ detector. The crystallinity was
calculated by fitting the integrated saasingMDI Jade8.5.2software and the crystal
size was calculated usinige Scherrer equation T h e Her ma fudcBonasthd ent at |
PAN crystalc-axis about fiber axidgan: Her ma n 0 sacto)yrwasealculatadi o n f
using Wil chi.[h4d-k49]0r'se detaglad aatculatiom metheddescribed
elsewherg38, 43, 52, 78, 140]

2.2.7 Thermal Analysis

Differential scanning calorimetry (DSC; TA instruments Q200) on the precursor
fibers was conducted he precursaiiber (1.52 mg) was heatefilom 150 to 400C at a
heating rate 010 °C/min (or 1 °C/min). After I* heating scan, sample pan wagnched
atacoolingrate of 100°0C/min. The 2" and 3" heating scaswere conducted an

identical heating rate to thé' gcan.

2.2.8 Dynamic Mechancal and Thermo-MechanicalProperties

Dynamic mechanical testvere conducted usirgnRSA Il solids analyzer
(Rheometric Scientific, Coat various frequenes (0.1, 1, and 10 Hzndat a heating
rate of 1°C/min at 25 mm gauge length. Bundles of 108rents were used’hermal
shrinkage othe PAN/MWNT composite fiber was monitored as a function of
temperature usingthermemechanical analyzer (TMA 2940, TA instruments) at various
stress levelsThe reatingprofile wasidentical to thestabilizationcondition stated in

2.2.42, except holding time was fixed for 60 min3&0 .
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2.29 Fiber Morphology of PAN/MWNT CompositeFibers

Scanning electron microscopSEM; LEO 1530 operated at 10kV, Hitachi
S800 equipped with Hitachi X800 Field EmissionnGaperated at 10kV) was used for
theobservation ofjold coated sampleB THSCSA image tool software was used to

compute cross sectiahareas and diameters of the fibers.

2.3 Results andDiscussion

2.31 Tensile Properties

Mechanical properties of PAN d? AN/MWNT fibers are summarized in Table
2.1.At a given draw ratio ite dameter of PAN/MWNT composite fiber sightly
smaller tharthat of thePAN control fiberat the same draw ratio suggestsuppressed
die-swell. In general, polymec fluids (soluion and meltshow nornewtonian behavior
which also results in phenomensinch as rogtlimbing (fluid rising upa stirring rod
during agitaton) and dieswell. Suppressd dieswell was observeith polypropylene
(PP)/MWNT systenas compared to the contqmblypropylengl08, 143] In the presence
of CNT, the elastic recovery ¢¥P moleculess restricted resulting irolwer dieswell.

Also, the alignment of CN[L44-145] helps to reduce the diameter of extrudate similar to
the contraction of lyotropic liquidrystallinepolymer under shear flqd46-147]. Thus,
therestrictedelastic recovery of PAN molecules, and alignment of MWNT could be the
reason for suppressed dieell and smallediameterof PAN/MWNT fibers.

Typical stressstrain curves of the PAN control and the PAN/MWNT composite
fibers atvarious draw ratios are shown in Figure 2.5. Mechanical properttas of
PAN/MWNT composite fiberncreasedvith increasing draw ratio. The maximum draw
ratio of the PAN/MWNT fibers (55) is larger than that of the PAN fibers (3%)et
al[102] showed elarged extensional deformation of epoxy/surface modified CNT

suspension as compared to epoxy suspension under the extensional rheometer experiment
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Table2.1 Mechanicabproperties of PAN/MWNT composite fibeas various draw rabs

Strain (%)

23

Strain (%)

PAN control PAN/MWNT (1 wt.%) composite
Draw ratio(DR) 25 35 45 50
Diameter (um) 15.8:0.1 13.5:0.1 15.5:0.1 13.2+0.3 11.#0.1 10.6t0.1
Tensile strength (GPa 0.62+0.08 0.56+0.07 0.77£0.10 1.04+£0.17  1.0£0.09 1.15+0.11 1.34+0.13
Tensile modulus (GPa 19+2 2414 21+3 2412
Elongation at break (% 6.5£0.5 9.1+1.2 8.4+1.2 8.3£0.6 7.91£0.6
Work of rupture (MPa) 39+10 47+13 43+7 46+7
07 14
@) (b)
0.6 1.2 1
0.5 4 104 |=—=—===
?_')(Y 0.4 s Dg 0.8 4 -
é 0.3 =" é 0.6
& %
0.2 4 0.4 -
7 £
0.1 0.2 4 ,f’
0.0 T 0.0 T
4 2 4 6 8 10

Figure2.5 Stressstrain curves of (a) PAN control and (b) PAN/MWNT composite fibers at variousrdtens(DR).



due to the reinforcing effect of CNT during deformation (extension). On the other hand,
epoxy/untreated CNTh®wed slightlyshorter extension as comparedhecontrol epoxy
suspension due to the poor interfacial strength between the epoxy and thie GNET.
study, the larger draw ratio of PAN/MWNT fiber indicates reinforcing effect of CNT
during drawing and good interaction between the PAN and the MVWWhH interaction
between PAN and MWNT can lead to higher draw ratio of the PAN/MWNT composite
fiber ascomparedo the control PAN fiber. Due to the hindered elastic recovery, PAN
molecules remain more aligned along the spin line and the number of entartgleme
reduces in the aspun fibers, which leads to better drawability of the PAN/MWNT
composite fibersThe enhanced drawability increased the tensile strength of

PAN/MWNT composite fiber to a level as high as 1.34 GPa at a draw ratio of 55.

2.3.2Morphology of PAN/MWNT CompositeFibers

SEM micrographs of PAN/MWNT fibersrosssectionsare shown in Figure 2.6.
Both, the partially drawn(DR of 25; Figure 2.6 (a) ~ (c@nd thefully drawn fibess (DR
of 55; Figure 2.6 (d} (h)) showed gooMWNT dispersionThe average diameters of
MWNT in partially drawnand fully drawn fibers are%t 5 nm and 62 5 nm,
respectively The average diameter of pristine MWNT is ~ 53 nm prior to the dispersion
in PAN, as shown in Figure 2.1 (b), suggesting that PAN moleculesewayapped
around MWNT The solubility difference between PAN and PAN/MWNT fiber as shown
in Figure 2.7maysuppors this hypothesisAfter treatment in DMF at 68C for 24 hours,
the control fibers were partially dissolved, while composite fibers showelistinct
change. With treatment in boiling DMF for 30 minutes, the control fibers were
completelydissolved, whereas PAN/MWNT fibers were fragmented and partially
dissolved, suggesting formationafemicallystable PAN crystah the vicinity of

MWNTSs.
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Figure2.6 SEM micrographsor the crosssectionof PANMWNT (1 wt.%) composite fibers (a) ~ (a)ith a draw ratio o5 and(d)
~ (h) with a draw ratio ©55. (i) is the schematic representation showing MWNTSs in the «eston in Figure (h).
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Figure2.7 Optical micrographsf (a) PAN fiber with a draw ratio of 25 and (d)
PAN/MWNT (1 wt.%) with a draw ratio of 25, (b) and @)k respective fibers after
treatment in DMF at 60C for 24 hrs, (c) and (f) are respective fibers after treatment in
boiling DMF for 30 min.

The average distance between individual MWNTSs is obtained by tracing the
MWNT in the crosssection as shown in Figure 2.6 (i). The average distance betineeen
individual MWNT is 490+ 270 nm and 43& 281 nm for partially drawn fibers antully
drawnfibers respectivelyAt the given MWNTdiameter (~53 nmnumber of wallg~
18), and weight fraction (1 wt.%), the calculated average distance batwiéedual
MWNTSs is about 436 nnThis is in good agreement withe observed values. A detailed
calculation method for determining the average distance between MWNT will be

discussed in Chapter 7.

2.33 Structural Analysis of PAN/MWNT CompositeFibers

Integrated intensities and thelPwide angle Xray diffraction patterns of
PAN/MWNT composite fibers are shown in Figur8.2/\ith regards to PAN crystal
structure, two possible crystal structureshorhombicand hexagonal have been

considered114-116, 118] Bashir et a[120] reported that the PAN molecules can co
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crystallizewith a polar solvent to formarthorhombicunit cell and can be transformed to
hexagonal crystal by removing the solvent. Based on this obsentataeatio of twod-
spacings in equatorial reflectiordpd-17/ dog-3¢r) approaches the square root of three
(~1.732)when PAN molecules form a hexagonal crystal struciline.ratio ofd-
spacings for PAN/MWNT composite fibers ranged from 1.71 to 1.72 (Tablexhizh
means thathe crystal structure of PANelbame more perfeceRagonapacking120]. It
can be inferred from the structural analysis results summarized in Table 2.2 that
crystallinity andfpan are responsible faheenhanced mechanical propertieshafhighly

drawncomposite fibers.

(a) DR 25 (b) DR 35 (c)DR 45 (d) DR 50 (e) DR 55
O TR RS T e O O
(200,110) J 5 ﬂ =
i' amorphous %‘ §' ;‘ ; ‘
. | |@on 10020 | i I\ " & A I ;
= e ri i

Figure 2.8 2D WAXD patterns of PAN/MWNT composite fibers

Table2.2 WAXD results for PAN/MWNT composite fibers

Draw ratio
25 35 45 50 55
Crystallinity (%) 52.4 53.6 63.6 63.7 67.2
Crystal size (nm) 11.4 11.8 11.8 11.5 11.4
Obog-17 / dog30r 1.718 1.718 1.709 1.719 1.719
fean 0.864 0.876 0.890 0.894 0.903
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2.34 Dynamic M echanicalAnalysis

The storage moduli of PAN contrdbersand PAN/MWNT composite fiberast
the samealraw ratiosare shown in Figur.9. At a givendraw ratiq the storage moduli of
PAN/MWNT composite fibers are higher than thatrePAN controlfibersin the entire
temperature rangé&igure 29 (a) and (b)] Also, in a given system (control or composite),
enhancedtorage moduli ofiberswere observewith higher draw ratis[Figure 29 (c)

and (d)]

Te+11 Te+11

(a) (b)

= 1e+10 - PAN/MWNT DR 35

< g
i i PAN DR 35
PANDR25 7 7]
PAN/MWNT DR 25
1e+9 4 1e+9
-150 -100 -50 0 50 100 150 200 -150 -100 -50 0 50 100 150 200
Temperature (°C) Temperature (°C)
1e+11 1e+11
(c) (d)
= 1e+10 = 1e+10 PAN/MWNT DR 35
a a g
v _PANDR 35 i
4 ‘&4/44
PANDR25 ~ j
PAN/MWNT DR 25
1e+9 4 1e+9 A
-150 -100 -50 0 50 100 150 200 -150 -100 -50 0 50 100 150 200
Temperature (°C) Temperature (°C)

Figure2.9 Storage moduli oPAN andPAN/MWNT fibers as a function of temperature
at afrequency of 0.1 Hz

Tant of PAN control and PAN/MWNT composite fiber showed relaxation at 60
~ 75°C (Figure 210). This relaxation is known ds transitionandis relatedo the

molecular motionn thehelical sequence of atactior iso- PAN in the paracrystalline
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regior[148]. The peak point adhetan plot shiftedto a highertemperaturavith the
incorporation of MWNT. This implies that the molecular motion of Pi&restricted

by MWNT; thus,more energyvasrequired to initite molecular motion. Thiwas
confirmed by calculatinghe activationenergy Ea) from the Arrhenius equationthe Ea

of PAN/MWNT composite fiber is much higher than thatledPAN controlfiber as
summarized in Table 2.At a given draw ratio, tat pe& position shifted to higher
temperature ande magnitudeof thetanl decreased by the incorporation of MWNT.
The increasef, transition temperature and activation energy in the presence of MWNTSs
support strong interaction between PAN and MWNT (Tal8¢ Z.he higher drawatio
effect on drop of tal magnitude for PAN/MWNT fiber is larger than that for PAN fiber.
Theb, transition temperature of PAN and PAN/MWNT increased with increasing

frequency as summarized in Table 2.3.

0.20

0.16 -

0.12 A

tan 6

0.08 -

0.04 ~

0 00 T T T T T
-100 -50 0 50 100 150 200

Temperature (°C)

Figure2.10 Tant of PAN andPAN/MWNT fibers as dunctionof temperature at 0.1 Hz
frequency
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Table2.3 Glass transition temperatures of PAN/MWNT composite fibers

b. transition temperaturé) at variousrequencies

Draw ratio
0.1 Hz 1 Hz 10Hz  Ea (kJ/mole)
25 61.8 70.2 76.1 309
PAN

35 62.6 71.1 77.1 307

25 72.6 75.1 81.1 523
PAN/MWNT

35 73.6 80.0 82.0 513
*Ea is activation energy calculated usithg Arrhenius equationf = Aexpge R_;8,

g -

wheref, A, R, andT are frequency, constant, gas constant, andlatestemperature,
respectively

2.35 Thermal Analysis

The first run of DSC thermograms of PAN and PAN/MWfliers (Figure 2.1)
measured at a heating ratel®f°C/min under airshowa high exothemal peak around
327 °C, whereas therevas no noticeable peakthesecond and third rgin both cases.
Theexothermicheat flowatthe peak position was reduddor PAN/MWNT composite
fiber, which implies that the stabilization reaction can be done umilider condition in
the presence of MWNT. THeeat of stabilization for PAN/MWNT is lower than tHat
PAN.
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Figure2.11 DSC thermograms of (a) PAN cont@R=35)fiber, and (b) PAN/MWNT

(1 wt.%, DR= 35omposite fibeat aheating rate ofLO °C /min. Air was purged at a

flow rate of 50 ml/minThe £, 2'9 and & heating cycle were plotted together. Note that
thermograms of}, and 2° heating cycle were shifted upward tbe purposeof clear
comparisonFigures (c) and (dare the results of experiments conducting during second
trial and correspond to the first trial experiments of Figures (a) and (b), respectively.

Additional thermal analysis of PAN/MWNT was carried out at a heating rate of
1 °C/min to seeheating rateeffects At aslow heating rate (IC/min), the peak
temperaturgosition shifted to lower temperatusad heat flow athe peak positions
reduced as comparedttmose of dast heating rat€l0 °C/min). This implies that the
precursor fiber can undergaild cyclization reaction (stabilization) alow heating rate
thisis favorable foisuppressinglefective structure generation in carbon fiber.

At slow heating rate, the differences between PAN and PAN/MWNT

thermograms arelearas shown in Figure 22LDSC thermogram of PAN/MWNT shows
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less heat evolved during stabilization and shows residual heat of stabilinatien

second and third rung/hile that of PAN shows no distinct peaks at second and third runs.
The stabilization of PAN/MWNT is hindered the presence of MWNT. These

observations arm good agreement with PAN/SWNT results conducted®&t/tin[79].

Thethermal analysisesultsare summarized in Table 2.4.
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Figure2.12 DSC thermograms of (a) PAN cont®@R=35)fiber and (b) PAN/MWNT

(1 wt.%, DR=35)omposite fiber aa heating rate ol °C /min Air was purged at a flow

rate of 50 ml/minThe £, 2" and ' heating cycle were plotted together.tdlthat
thermograms of}, and 2° heating cycle were shifted upward tbe purposeof clear
comparisonFigures (c) and (d) are the results of experiments conducting during second
trial and correspond to the first trial experiments of Figures (a) gnce@pectively.
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Table2.4 Thermal analysis results of PAN control and PAN/MWNT composite fibers

Control MWNT 1wt.%
Fiber diametergm) 13.5 13.2
Draw ratio 35 35
heating rate of | &H of 1" run (kJ/g) 2.5(2.3) 22(2.2)
10°C /min Peak temperaturéq) 327 (328) 328 (328)
heating rate of | a&H of 1° run (kJ/g) 7.1(6.6) 4.8(4.6)
1°C /min Peak temperaturéq) 286 (287) 287 (287)

* aH and peak temperature values obtained during the second trial are listed within
brackets.

2.3.6 Stabilization and Carbonization (Vertical Mount)

The gressstrain curves of carbon fibers from PAN/MWNT (1 wt.%) precursor
fibers are shown in Figure B1Tensile strength and modslincreased with applied
stressexceptat 30 MPa of &nsion asthose fibers broke during carbonization. The
precursoffiberscontracedduringheattreatmentiue to the physical (entropic) and
chemicalshrinkage as discussed@hapter 1. For this reasamaximumtension without
fiber breakagshould be usito minimize the shrinkag&he rmechanical properties of
carbon fibers producashder varioustress levalare summarized imable2.5.The
SEM micrographsf carbon fibers are shown in Figure £.Thevacant sitesire
observed in Figure 241(e), and €). Possible reasons for vacant sites are; (i) gas channels
which can be generated biprupt exothermiceaction (ii) burn-out of foreignparticles.

The stabilization conditions need to be optimized further for elimination of gas channels,

sincevacantsites can act as defextinder stress.
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Figure2.13 Stressstrain curve®f PAN/MWNT (DR = 55) basedarbon fibers produced
under variougensions

Table2.5 Mechanical properties of carbon fibers produgeder various tension using
PAN/MWNT precursor fiber¢DR = 55).

Tension applied (MPa)

5 7.5 10 20 30

Tensilestrength
(GPa)

Tensile modulus
(GPa) 23526 255+38 36251 430+72 192+22

2414049 2.7A#0.59 3.020.47 3.1#0.45 1.39:0.26

Elongation &break
(%) 1.0+0.2 1.1+0.2 0.9+0.1 0.8+0.2 0.7+0.1
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Figure2.14 SEM micrographof PAN/MWNT (DR = 55) basedtarbon fibers(a) and
(b) carbonizeduinder30 MPatension (c)~(f) carbonizedunder7.5 MPatension Arrows
indicake vacant sites.

2.3.7 Stabilization and Carbonization (Horizontal Mount)

The ertical mounting carbonization study showed that higher applied stress helps
to improve mechanical propertiestberesultant carbon fiber. However, vertical
mounting heatreatmenimight haveatemperature gradient problem along the vertical
direction thattan cause deviation themechanical properties and structurelefcarbon
fiber. Figure 2.5 shows the thermmechanical analyzer results tte shrinkage of
PAN/MWNT (1 wt.%) fibers under stabilization condit®at various stress lewelThe
highest stresthatcan beappliedduringheattreatmentwvithout breakinghe fiberturned
out to be 25 MPa, since fibers broke una&gnsion of 30 MPaBased on these
observamns, horizontal mountingeattreatmentvas tined underanapplied tensiomf

22.5 MPaThe nmechanicapropertiesvere monitored by changirtbe stabilization time
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at 320°C, since stabilization time is critical foetter propertiesf the carbon fiber.fl the
stabilizationtime is too short, subsequent carbonization l¢éadbrupt gas formation due
to rapid cyclization at high temperaturethé stabilizationtime is too longthe oxidative
stabilization environment leadis the degradation ofhefiber, resulting in poor
mechanical properties tiiecarbon fiberThe mechanical properties of carbon fibers are
summarized iMable 2.6 Carbon fiber stabilized for 42.5 minutes at 3Z0showedhe
best resultsvith regard to tensile strengtHowever theabsolute tensile strengémd
modulusvaluearelower as compared tthe previous vertical mounting results. Thiayn
bedue tothe changes in structuamdthe mechanicaproperties othe PAN/MWNT (1
wt.%) composite precursor fibeith shelf time assummarized inTable 2.7.The
PAN/MWNT precursor fibers had been stored three years while fireslirsoifibers

were used for vertical mounting carbonization study. Tensile stremgittiulus, and
elongation at break reduced after three years of shelf tigstaCsize was increased
slightly, yetcrytallinity and orientation were reducednsiderably Shelf time adversely
affects the mechanical properties of the precursor fiber. To prevent mechanical properties

from diminishing, additional heatetting proesses might beeeded149-153].
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Figure2.15 Shrinkagebehaviorof PAN/MWNT (1 wt.%) composite fibers (DR=55)
under various tension
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Table2.6 Mechanical properteof PAN/MWNT (DR = 55) basedarbon fibers
produced under different stabilizatibmes

Stabilization time at 320C (min)

20 25 30 35 425 45
TS? (GPa) 1.940.50 2.10:0.48 2.28:0.47 2.270.45 2.310.47 1.790.45
TMP(GPa) 187420 187423 175+25  198+24 17733 17223
Strainto 1.0:0.2 1.1+0.2 1.20.2 1.240.3 1.30.3 1.1x0.3

failure (%)

22.5 MPa of stress was applied during stabilization and carboniz&fiensile strengt, Tensile modulus

Table2.7 Effect of shelf tine on mechanical properties and structure of PAN/MWNT (1
wt.%) compositdiber (DR=55)

Shelf time Fresh 2 years 3 years
Diameter im) 10.4 \% \%
Tensile strength (GPa) 1.34t0.13 1.11+0.10 1.12+0.08
Tensile modulus (GPa) 26+2 24+3 232
Elongation at break (%) 8.5:0.5 6.9+0.6 7.4£0.4
Work of rupture (MPa) 57+8 40+6 4244
Crystallinity (%) 67.2 - 55.7
Crystal size (nm) 11.4 - 11.8
dog-17/ dog-30 1.719 - 1.721
0.903 - 0.845

37



SEM micrographs of carbon fiber (Figure 2.16) show a smooth surface of the
carbon fiber without vacant sites. Pulled out MWNTSs on the fracture surface (Figure 2.16
(d) and (f)) imply that different fractumaechanismwas involved for PAN/MWNT
precursor based carbon fiber as compared to ordinary brittle fractufeNob&sed

carbon fiber.

Figure2.16 SEM images of fractured carbon fibers 4&8)minutes of stabilizatioat
320°C, (b) 42.5 minutesand (c)~ (f) pulled outMWNTSs from fracturedsurfaces of
carbon fibers
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2.4 Conclusions

The gel-spun PAN/MWNT fibers showed improved mechanical propemties
comparson to thegelspun control PAN fibers. The maximum draw ratidlc#
PAN/MWNT composite fiber wasignificantlyhigher than that ahe control PAN fiber.
This was attributed to good interaction between PAN and MWIX& higher draw ratio
of thecomposite fibeted tosuperiortensile strength as high as 1.3 GR&a given daw
ratio, the diameter of PAN/MWNT fiber is smaller than thathe&fPAN fiber processed
under the comparable processing conditienmscethe MWNTS restrict PAN moleculés
elastic recovery which causthe dieswell (i.e largediamete) of spun fiberShft of tan
U peak pointandenhanced activation energy, suppwbd interaction betweghe PAN
and the MWNT SEM micrographs shogood dispersion of MWNT# the PAN matrix
Thermal analysis revealed thhe heat of stabilization of PAN/MWNT fiberslmswver
than that of PAN fiberegardless of theeating rateThe nmechanical properties of carbon
fiberswere improved by increasirigetension applied during tHeeattreatment
Significant decrease about ~16% in tensile strength of PAN/MWNT compostd fil3
GPa) was observed after 3 years of shigie. This is due to the deterioration of the PAN
structure which is confirmed by reduced crystallinity (67% of fresh fiber crystallinity
reducedo 56%after 3 yearsand PAN orientatiolffpan became 0.84&om 0.903 of
fresh fiber).
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CHAPTER 3
PAN-CO-MAA/FWNT COMPOSITE P RECURSOR FIBERS AND

THEIR CARBON FIBERS

3.1 Introduction

PAN as acarbon fiber precursor tgpically copolymerized with acidic co
monomer since cyclization of guolymerized PAN can beompletedundermilder
conditiors thanthehomao-polymer PAN as discussed @hapter 1[91, 9394]. In this
study, copolymerized PAN is usedgoepare precursor fibers for carbon fiber production.
The gructure andensile properties are characteriZedboththe precursor anthe

resultingcarbon fibers.

3.2 Experimental

3.2.1 Materials

Polyacrylonitrile-co-Methacrylicacid PAN-co-MAA ; 4 wt.% of MAA content,
M - 2.43 10° g/mol) was obtained ém JaparExlan, Co. Fewvalled nandubes
(FWNT: Lot # XO021UA with 2.4wt.% metallic impurity) were obtained from Carbon
Nanotechnologies, Inc. (Houston, TX) and used as received. Dimethylacetamide (DMAC)
from Aldrich co.andN, N-dimethylformamide (DMFpbtainedfrom BDH, Inc. were

purified by distillation before use.

3.2.2 SolutionPreparation

FWNTSs were dispersed in DMAc or DMF ltlye sonication method (Branson
3510RMT, 100W, 42kHz) at a concentration of 37mBg/L for 24 hoursPAN-co-MAA

polymer (2.59) was dried irmavacuum oven at 10 and dissolved in DMAc (100
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mL) at 80°C. The dspersed FWNT/DMACc solution was addedhe PAN-co-

MAA /DMAc solution and the excess amount of solvent was evaporated by vacuum
distillation with mechanical stirrintp meetthedesired solid content ithe solvent (12.5

g solids PAN-co-MAA and FWNTs)/10@nL DMACc). Similarly, the other composite
solutionswere prepared at the CNTs concentrasiasith respect to the polymer of 0, 0.1,

0.5, and t.%, respectively.

3.2.3 SolutionRheology

Frequency sweep tests were conducted LeEmRES rheometer (Rheometric
Scientific, Co.) withparallelplate geometry (2Bhm plate diameter andriim gap
between plates) at roomtemperate . The angul ar frequency (¥
to 500 rad/s at a fixed strain of 5%. The capillary rheometer measurements were carried
out usinga Dynisco LCR7001 Rheometer witim orifice of 29.97 L/D ratiol(=9.14mm
and D=.305mm) at 40°C and 1D °C (110°C wasthespin block temperatungsed in
this studyand 40°C is thelowest temperature th#te capillary rheometer can stably
maintain). The apparent viscosity was monitored as a function of shear rategémgn
500~50,000 1/sShear rat®bserved in this study falls in those range (see Appendix B).
The solid (PANco-MAA and FWNT) concentration of solution used for rheology study
is 12.5 g /100 mL of solvent. The FWNT concentration with respect to solid content was

varied 0, 0.1, 0.5, andwt.%, respectively.

3.2.4 Fiber Spinning

ThePAN-co-MAA control andPAN-co-MAA /FWNTs composite fibersere
spun utilizingthe gel spinningechniqueusinga Bradford University spinning unit witla
onehole 50em diametey spinneretThe prepared soligin was spun inta cold
methanol gelation bath50 °C) with anair gap of Zm. In some cases, the fibers were

stretched during the spinning process by increasing theufakpeed with respect tioe
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linearjet velocity of spun fibers. Prior to the drang process, the aspun fibers were
immersed iramethanol bath atemperature of50 °C for 72 hours The twostepbatch
wise drawing process was carried:qitthe asspun fibers were stretched at room
temperaturénamelycold-drawing. The possiblenaximum colddraw ratio was varied
dependhg on the composite solutiofii) the colddrawn fibers were subsequently drawn
again by passinthemthroughaglycerol bathwhosetemperature was maintained at

170 °C, followed by washing in ethanol and vacudnying at 50°C for 3 days. The total
draw ratio washe product ofthe spin draw ratiothe cold-draw ratio, andhe hot-draw
ratio andwasexpressed respectively in parentseg.g. total draw ratio of 15 with spin
draw ratioof 2, cold-draw ratioof 15, and hot draw ratiof 5 isexpresse@s15

(22 1.53 5) ).

3.2.5 Characterization of Fiber

The tensile properties were characterized liyguanRSA 11l solids analyzer
(Rheometric Scientific, Cowith agauge lagth of 25.4mm and crosshead speed of 0.25
mm/s.For each seried,6 specimens were tested. Wiglegle Xray diffractions ofPAN-
co-MAA control and composite fibers were collected by Rigaku MicroMax 0@2yX
generatowith confocal optics to produd€ U r a d i=4.54i18R handeagmipped with
aR-axis IV++ detector. The crystallinity was calculated by fitting the integrated scan
usingMDI Jade8.5.2software and the crystal size was calculateain theFWHM (Full
width at half the maximum inteng)tof thecrystalline peaks from thequatorial scan.
The Her mano6s o fforteerPANcrystak-axis Bhouthefiber axis {pan:
Her manods aato) veas ¢alaulaiedsing Wilchinskys equatiorj141-142]. The
detailed calculation method is given in previditeyature[38, 43, 52, 78, 140Raman
spectra were collected usiktploprobeResearch 785 Raman microscopgiSer optical
system co, Ltd) equipped withlaser source with axcitation wavelength of 78am.

To determire orientation, the peak intensity (base line corrected by GRAMS/AI v7.01) of
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the tangential band (ca. 1590 thwas readA specimen was mourdeon the angar
stage othe Raman spectroscopy. The intensity of laser source was adjustechity 40
For solving simultaneous equations to estimate CNTs orientation, VV and VH mode
spectra were collected at 0° (defingidectionof polarization of lasesource is parallel to
thefiber axis) and 90° (defined polarized laser is perpendicultrebber axis)
respectivelyThe intensities ai = 0 (fiber axis is parallel to axis dfiepolarization of
theanalyzer)were obtained by changirteanalyzer from VV modebth laser source
and analyzer are vertically polarizeéd)VH mode [aser source is vertically polarized
and analyzer has hodatal polarization direction For the case of solution specimens, a
droplet of each composite solution was carefully placedicon wafer to minimize

flow induced orientation anthencharacterized

3.2.6 Thermal Analysis

Differential scanning calametry (DSC; TA instruments Q200) on the precursor
fibers was conducted by heatitige fibersfrom 150 to 400C at a heating rate df0 °C
/min (or 1 °C/min). After the £'heating scan, samples were quendchteatoolingrate of
100°C/min for the next kating scar2™ and 3 heating scans were conducted under the
identical heating rate to thé' $can.For theisothermal test, the DSC furnace temperature
was ramped up tagiven temperature (265, 295, and 325 respectively) anddid at

thattemperatre for 6hours.

3.2.7 Stabilization

ThePAN-co-MAA control fiberswere stabilized and carbonized usimgMHI
H17HT2.5X24 tube type furnace with 16tm diameter and 150@m length alumina
tube (Figure3.1). The precursor fibers were carried continuotisipugh the tube
furnace by IDC S21 step motor wiiReducing gear box (55:1 gear ratio) asmart

step controller witta keypad. For stabilization, purified air was purged and the
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temperature athefurnace was set @agven inTable3.1 The residencéme was

calculated based anl2 inch (305mm) length of heating zondivided by takeup speed.

Table3.1 Stabilization conditions

Stabilization Temperature  Residence time Stretching Pretension
step (*C) (min) (%) (9f)
1% 285 7.5 0 1
2n 290 28.6 6 1
3 330 50.8 0 1.6
4" 350 20.3 0 1.6

3.2.8 Carbonization

For carbonization, argon (999 purity) gas was purged. To confirm the
cyclization reaction, Fourigransforminfrared(FT-IR) spectroscopy was conducted on
the stabilized fibers usingPerkin Elmer FTIR microscope and by collecting 256 scans
at a resolution of 4 cth Fiber tensile fracture surfaces were observed by scanning
electron microscopy (LEO 1530 SEM operated®k\t). UTHSCSA image tool

software wasised to computthe crosssectioral areas and diameters of the fibers.

| 36 inches | Fiber
Tube Furnace
\ = ;
] ‘ 0)
Flow meter l
Step
12 inches motor

<Feed> Heating Zone <Take-up>

Figure3.1 Tube furnace setup féine continuous stabilization and carbonization study
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3.3 Results andDiscussion

3.3.1 Dynamic Shear Rheologyof PAN-co-MAA Control and PAN-co-MAA /FWNT
CompositeSolution

The changes ithecomplex viscosity othe PAN-co-MAA /FWNT solution are
plotted in Figure8.2 as a function of angular frequency. The complex viscosities of all
thesolutions decreasedith increatng angular frequencyit can benterpretedhat the
PAN/CNTSs solution showed shear thinning behavior. The CNTs containing composite
solutions showed higher viscosity thidue control solution.The viscositydifferences
betweerthevarious solutions areaticeable inthe low frequency regimewhile not much
variationis observed irthe high frequency regiméso the effect of CNTs on viscosity is
significantat low frequency ratheéhan athigh frequencywhich is also observed for

PP/MWNT melt rheologyl154-155].

102

101 4

n* (Pa-S)

control solution (DMACc) EE
FWNT 0.1wt% (DMACc) 5&
FWNT 0.5 wt% (DMAc)
FWNT 0.5 wt% (DMF)
FWNT 1 wt% (DMF)

1 DO T T T
10" 10° 10° 107 10°

o (rad/s)

O < k¢ o0

Figure3.2 Frequency sweegestof the complex viscosity othe PAN-co-MAA /FWNT
solutions
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Figure3.3 showsthe storgge modulus (G') antheloss modulus (G") response as
a function of frequency fdPAN-co-MAA solutions. Both moduli increase with
frequencytheeffect of nanotube content dime storage modulus is higher atow
frequency than a high frequency. Aalow frequencythe storage modulus increased
rapidly as nanotube loading incredsdowever, the contribution afanotubdoading on
loss modulus is not as high as that on storage madasin alow frequency regime.
Sincenanotubes have a rigid ro@ture, they can contributaore to thestorage modulus
thanto the loss modulus. So the storage modulus of PAN/CNT solution can be affected
by nanotubdoadingdominantlyat low frequency which ig good agreement wittihe
melt rheology of PP/MWNI[ILO8]. At low shearrate, the CNTs remain randomly
dispersedor a network structure in case above the percolation threstradlominate
the low frequency response since CNTs areestiffan polymer molecul¢s08, 143] On
the other handhe contribution fromthe polymer moleculebecomesiominantata high
frequency, since theetwork structure oENTsis broken The storagé€loss)modul plots
for PAN-co-MAA/FWNT (5 wt.% in DMF) and PANco-MAA/FWNT (5 wt.% in
DMACc) are overlapped, implying thate solvent differences between DMF and DMAc

onstorage and loss moduli are negligible.

10 104 ¢

(a) (b)
10 DEL:%'.U
_opggEeY 10
LpBas
— 102 gBaEy” —
< poEs" g
ED 3 O~ ED 10? 4
10° o control (DMAc) E£—>\' ! o  control (DMAc)
& FWNT 0.1 wt% (DMAc) gEge” FWNT 0.1 wit% (DMAGc)
& FWNT 0.5 wt% (DMAc) . & FWNT 0.5 wt% (DMAc)
100 v FWNT 0.5 w% (DMF) 107 4 v FWNT 0.5 wi% (DMF)
O FWNT 1wt% (DMF) O FWNT 1 wi% (DMF)
10 10° 10° 102 107 10° 10° 10 102 10°
o (rad/s) o (rad/s)

Figure3.3 Storage modulus G' (@nd loss modulus G" (b) 6fAN-co-MAA/CNT
solutions as a function of frequency at°€5
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Tand resultsfor frequency sweep tast are plotted in Figur8.4. A smaller tant
value implies morelasticbehavior. In Figur&.4, the tani values of all solutionare
decreasing as a function of angular frequemdych implies thaPAN-co-MAA /FWNT
solutions showed morelasticbehavior at high deformation rateéBy incorporating the
nanotubes in thBAN-co-MAA solution system, the elastic modulus of the solution goes

up,andthetai goes down.

O control (DMACc)
¢ FWNT 0.1 wt% (DMACc)
10" 4 4 FWNT 0.5 wt% (DMACc)
Og v FWNT 0.5 wt% (DMF)
O@OO o FWNT 1 wt% (DMF)
o O
('g AAAQ ogOO
s TE§84, 0000
Hﬁaﬁoogo
*90539
Qgggggggg
295
100 -4
%5
107 10° 10° 102 10°
o (rad/s)

Figure3.4 Frequency sweetest of tani of PAN-co-MAA solutions

3.3.2. SteadyShear Rheology of PANco-MAA Control and PAN-co-MAA /[FWNT
CompositeSolutions

The capillary steady shear tests were conducted to determirreetilegical
behavior othe PAN-co-MAA control and compose solutions under high steady shear
since the shear rate of fiber spinniimgthis studyis more tham0,000 1/9see Apendix
B for detailed calculationwhichis notafeasibleconditionfor dynamicrheological
tesing. The apparent viscosity valueealotted as a function of shear rate in Figtite
As expected, botthe PAN-co-MAA control and compositsolutiors showed shear

thinning behaviarThe viscosity othe composite solution is lower than thattbé

47



control solutiomat a givertemperaturgwhichis oppositeto thedynamic test result3.he
fully developed laminar floveanhelp CNT orientlong the flow direction and caase
viscosity dropBased on these observations, CNTs can be thought to assist the flow of

thespinning solution duringhe spinning process.

10 +

& G
ol ]
a m »
= S ®
= 0o u C e
‘D n ®
§ 1 O O e
2 O B O e
= O 0 ] O ® °
o n = 0
T @® control at 40°C O m ©
o O FWNT 1 wi% at 40°C Uom
< 014| ™ controlat110 °C

’ O FWNT 1wt% at 110 °C

102 10° 10* 10°

Apparent shear rate (1/s)

Figure3.5 Apparent viscosity versus apparent wall shear rate of-BAMAA solutions

The PAN-co-MAA polymer solutioralsosatisfied the generalized Newtonian

mode| especiallythe Powerlaw mode]156] which isgiven bythe equation (3.1).

h=mg"" (3.0

wheremis the consistency index amndlis the power law indexflow behavior index)The
m and n values of each solution are listedable3.2 The n values are less than pne
which means the solutions showed skéarming behaviorAll the R? valuesare >0.97,
this suggestgood agreement of powdaw model withthe data fothesePAN-co-MAA

solutions.
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Table3.2 Power law indicesaind R values forPAN-co-MAA solutiors.

Material function ¢ =mgl" "), R
Temperature

Solution
m n R?
40°C Control 316.98 0.370 0.9987
FWNT 1 wt% 508.74 0.289 0.9824
110°C Control 192.16 0.350 0.9977
FWNT 1 wt% 75.588 0.410 0.9726

The dynamic and steady rheological behasadPAN-co-MAA solution are
observedd this point According to the CoMerz rulgd157] there isarelationship

between complex viscosity and shear visca$itis expressetly equation (3.2).

e
h(@ =lh* W), =h W)gl+ (3.9

"O:@g)
-I-C-]DO:IN

In Figure3.6, thecomplex viscosityd*) and Rabinowitscfil58-159] correctedsteady
shearviscosity €) are plotted together for comparison. Thisrdiscontintity observed
betweerthe shear rate (angular frequency)l60 and 100Q¥ or g). This discontinuity
might come from the discrepancy of t@ex-Merz ruleor overestimation of gicosity

due to the entrance pressure drothecapillary[159]. At higher shear raj¢ghe PAN-co-
MAA/FWNT composite solution showed lower viscosity thfzcontrd one. It is
believed that the CNTs are aligned along the flow direction at high shear stressgesult
in lower viscosity.This can be supported by observihg brientation of FWNT in as
spun fiber since schematic of capillary rheometer is very simddahat of spinning. The
shear rate for spinning conducted in this study was marked with arrow in Figureh.6.
Hermaris orientation factor of FWNTi{wnt) for asspunPAN-co-MAA/FWNT (1

wt.%) fiber is~0.409, implying FWNT are aligned along the fibgisaAlso, frwn IS
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higher than the Herméam orientation factor of PANKa\=0.320). The orientation of PAN
and FWNT will bediscussedurther in section 3.3.4.
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Figure3.6 Comparison of viscous properti¢gé) and /7* ().

3.3.3 Tensile Properties

To enhance the tensile properties of filkenumber ofinter- and intramolecule
entanglemerstshould beeducel by loweringthe polymer concentratiohose
entanglements in the fiber act as defeand the stress can be concentratethedefect
sites under loading.he aim of gel spinning ialsoto redue thenumber ofentanglement
so that the polymer molecules can be aligned along the fibef8&%iddeally, a semi
dilute concentration of the polymer solution is desfag highly oriented fiberFor the
fibers spurfrom ahighly concentrated solutiottie maximum achievable draw ratiac
berelativelylow due to the excessumberof entanglemenishile frequentiber
breakagemight be observed whatilute solutions areised This concept idlustrated in
Figure3.7. Practically,theconcentration of polymer solonh for gel spinning ifigher

than semdilute concentration to ensure drawing stabilitge gelate aspun fiber was
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stretched at room temperature prior to hot temperature draWirgyoom temperature
drawing process (hes&terreferred agold-drawing helps to align the PAN molecules

along the fiber ax{460].

Dissolved state Crystallization Drawn state

N - » Poor drawability

Dilute solution

Ideal structure

Semi-dilute
solution

Concentrated
solution

Figure3.7 Schematic oftheentanglement contraif drawability[89, 161]

The tensile properties ¢iie PAN-co-MAA control and composite fibers are

summarized in Tabld.3. Comparison of control fibers of various draw ratio revealed

that the higher hot draw ratio contributes the higher tensile strength and modulus. The

number of polymer molecular entanglements which act as defect during tensile test can

be reduced by drawing (high dramtio. Thus, thenigherdraw ratio generally leadbe
higher tensile properties of PAN fibén. this study, PANco-MAA control and
composite fibers were drawn three tinjeamely spirdrawing,cold-drawing and hot

drawing. One can come up withe questiomiWhich drawingprocesss optimalfor

enhanang mechanical propertiedBased on previous comparison, it can be inferred that

the cold-drawingprocessontributeseffectivelyto the enhanceent ofmechanical

properties, sincéhe former fiber was stretched 3.6 times prioné¢édrawing(2 timesby

spin-drawingand 1.8 time®y cold-drawing, whereas the latter was stretched 2.7 times
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by cold-drawingonly. The PAN-co-MAA control fiber (13 13 11)that didré go through
cold-drawingexhibitedpoormechanical propées Thecold-drawingimprove the

polymer crystal structursimilar to the strain hardening aimetal by plastic deformation

Table3.3 Tensile properties d?AN-co-MAA control and composite fibers

: : Work of
Diameter Strength Strain  Modulus rugiurg(
0
(em) (GP3 (%) (GPa) (MPa)
132732 28.0.3 0.580.04 8404 16.21.0 29°3
1327326 2530.1 0.81r0.12 9509 1850.7 41°8
1327335 21500 1.11r0.07 9.0c04 22515 50°5
Control 1327348 18702 1.080.10 8.1°0.7 22518 45°6
1327355 17.60.2 1.150.13 8.0°0.6 22.31.3 46°8
231835 17.90.1 0.920.08 8.20.6 20.r1.1 40°5
131311 20.660.1 0.570.07 7.1°0.8 15.80.6 23°4
13 2856 16202 117009 7904 24908 46°5
0.1wt.%
132954 16.70.3 1.140.13 8.°0.6 23.314 45°7
0.5wt% 1323350 20.50.2 0.950.08 7.305 22320 37°5
132.036.0 20.40.2 1.030.08 7.70.3 23111 42° 4
1 wt.%
203185 16801 1.1r0.13 7.0c06 31.715 42°7

S fibers drawn byaline heatemat 165°C,” work of rupturewas obtained by calculating area under stress

strain curve

Forhomopolymer PANNI,, 2.5% 10° g/mol) [122], the tensile strength achieveds0.9

GPa and tensile moduluwsgas22 GPa with total draw ratio of 51. In this studlye

highest tensile strength tfe control fiber was 1.1&Pa atrelatively low total draw

ratio of 14.85I1t can be noted thdlhe maximum achievable coldraw ratiodecreased
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with increasinghe spindraw ratio. For the case of control fibettsg maxmum cold
draw ratio was reduced from 2.7 to 1.8 whteaspin draw ratio wasicreasd from 1 to
2. This implies that therientationof PAN-co-MAA also can be increased by spin
drawing since prexisting orientatiortonfinesadditional stretchingesuling in reduced
draw ratig160]. For the case of FWNT 1 wb composite fiberghe tensile modulugas

improvedto 31.7 GPa due to CNT reinforcement

3.3.4 PAN Crystal and CNT Orientation

The wideangle Xray diffraction patternare shown irFigure3.8 andthe
calculated results aghe PAN-co-MAA control fibers are summarized in Tal3ld. The
diffraction patten of fully drawnPAN-co-MAA fibers showed distinct peaks equatar
The peak at arounci216.8° corresporsito (200,110 plane ofthe PAN crystal andhe
peak at #=29.3° corresporgito the (310,020 plang120].

As-spun 1X2. 7268 1X27X55

() TEE

Figure3.8 WAXD of selecteccontrol PANco-MAA fibers.
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Table3.4 Structural parameters 8fAN-co-MAA control fibersdetermined by WAXD

TDR? Crystallinity (%)  XS°(nm) foan 20 meridional
As spun 1.0 - 2.7 0.385 -
132731 2.7 - 3.1 0.558 395
132.73 2 5.4 62 10.5 0.854 396
132.73 2.6 7.0 62 13.8 0.854 39.7
1327335 9.5 63 148 0.862 39.6
132.734.8 13.0 63 14.7 0.897 39.4
1327355 149 63 16.2 0.902 394
231.831 3.6 - 3.0 0.543 40.3
231.8335 12.6 62 15.2 0.884 396
23231 4.0 - 3.3 0.564 397
131311 11.0 60 12.3 0.892 39.5
131.33 1 1.3 - 2.7 0.474 39.5

2total draw ratio,’ crystal size © meridional peak gsition

The crystal sizérom the equatorial reflectiomn d Her manés ori ent at
(fran), calculated using thezanuthalscanare plotted as a function of draw ratio in
Figure3.9to investigatehe effect of drawingBased on WAXD rsults,up to btal draw
ratio ~5.4,the degree of orientation of polymer molecufteseased rapidlyThe
orientationandcrystal size increase very slowdgoveadraw ratio ofseven However,
slight improvement in these parameters $dgacknhancemerih tensilepropeties At
similarlevels of crystallinity (62 ~ 63%), considerable increase in crystal\see
observedin Figure 3.9, e fibers prepared withoabld-drawing(black triangle) havea
smaller crystal size of 12.3 nm than fib#ratexperiencedold-drawing (solid triangle)
whose crystal size is 14, although the former hashigher total draw ratio (DR=11)

than the latter (DR=9.5)This suggests that celitawing process is effective for the
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crystal growth of PANThis crystal growth is attributed stress induced crystallization,

a phenomenon well known polymes[162-166].

1.0 18
. - 16
< 0.8
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Total draw ratio

Figure3.9 Crystal size and orientation of PAd-MAA control fibers as a function of
draw ratio

WAXD resultsof PAN-co-MAA /FWNT composite fibers aummarized in
Table3.5. Herman's orientation fact®of PAN-co-MAA crystal (fpan) increased with
advancing processing step. The crystallinity of PRANMAA/FWNT composite fibers
(63~68%) increased when compaite that of PANco-MAA control fiber (63%), since
theFWNTSs can act asucleaing agens for crystal growthOn the other handhe PAN
crystalsizeof FWNT 1 wt.% composite fibedecrease, asthe FWNTs occupied room
for PAN crystal growthgpecialhindrance) fran asa function of processing step and

FWNT concentratiorareplottedin Figure3.10.
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Table3.5 Summary of WAXD resultef PAN-co-MAA /FWNT fibers

Total Crystallinity Crystal size

draw ratio (%) (nm) fpan 2lhmericioral
As spun 1 - 2.7 0.385 -
control 132,73 1 27 i 31 0558 395
1327355  14.9 63 162 0902  39.4
As spun 1 - 3.0 0.343 -
01 43081 28 i 3.5 0569  40.2
Wt.%
132.8°5.6  15.68 68 161 0.895 394
As spun 1 i 2.9 0.302 i
05 43031 23 i 3.4 0547 404
Wt.%
1323350  11.5 65 161 0877 394
As spun 1 - 3.0 0.320 -
1Wt% 13231 2 i 3.0 0449 399
13236 12 63 147 0.866  39.1
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Figure3.10 Herman's orientation factofsan) of PAN-co-MAA crystal as a function of
processing step and CNT concentration

The PAN crystal information can be obtained from WA>XDd CNT orientation

can be monitored using Raman spectroscdpg.evaluaton mahodsof CNT orientation

in composite fibeusingthe simultaneous equatio(&3) and (3.4are described
elsewherg¢137, 167168]J:

\%% —_ w
I Fiber (f B 0) - I Fiber
I VH

(f=0) _ 24<P,(cosg)>+60< F,(cosg) >+21 (3.3
foer (F =0) 1o (F =900 12<P,(cosq) >-5< R,(cosg) >-7 '

| foer (F =90) _ | fver (F =90) _ - 9<P,(cosg) > +30< Fy(cosg) >-21 3.4
I (F=0) 12 (f=90) 12<P,(cosg)>-5<P,(cosq)>-7

wheret is theangle betweethe polarization direction of excitation laser atie fiber

W

axis,dis theangle betweethefiber axis andhe CNT (FWNT) axis, | 5, iS Raman G
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band intensity measured under VV mode (excitation laser with palamzkanalyzer
parallel), 1 /' is Raman @&and intensity measured under VH mode (excitation laser
with polarizer and analyzer perpendiculaf)P, (cosg) > is a2™ order Legendere
polynomial,and < P,(cosg) > is a4" order Legendere polynomial a@ulated2™ order

parametevalues(Hermaris orientation factorfrynt) are listed in Tabl8.6.

Table3.6 CNT orientation results from solving simultaneous equations

<P,(cosd)>
CNT (wt %) Draw Ratio

Result 1 Result 2 Average
Solution 0.0722 0.0730 0.0726
As-spun 0.7889 0.8286 0.8087
o4 132.81 0.8460 0.8774 0.8617
132.825.6 0.8404 0.8769 0.8586
Soluion 0.1916 0.1899 0.1907
As-spun 0.6243 0.6265 0.6254
03 13231 0.8359 0.8835 0.8597
13 2.3 5.0 0.7993 0.8859 0.8426
Solution 0.0161 0.0214 0.0187
As-spun 0.4032 0.4089 0.4061
! 13201 0.7841 0.8271 0.8056
132.036.0 0.8270 0.9008 0.8639

Thefrresult D was obtained by substitutimg’_ (f =0) ,1X_(f =0), ard 1% (f =90)

er

into equation (3.3) and (3.4). Likewid&esult D wascalculatedby

substituting Y. (f =0), 15 (f =90), andl /. (f =90) into equation (3.3) and (3.4).
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Thecalculated raults are averaged to miniee experimental error and are plotiad
Figure3.11 In composite solution, the nanotubes are randomly oriented (isotropic state).
The CNT orientation in aspun fibers was adversely affected by the concentration.
Thefrwnt (0.8087) in the PANO-MAA/FWNT (0.1 wt.%) asspun fiber represents good
alignment of FWNT along the fiber axishie frwnt decreased with increasing FWNT
concentrationlt is believed that the orientation motiontb& nanotubsis hindered by

neighboring nanotubes as nanotube cotragonincreasestherebydecreasingENT

orientation.
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Figure3.11 CNT orientation as function of processing step a@NT concentration

For colddrawn fibers, FWNT concentration also showed adverse effdetQfl
however it can bedue todifferent colddraw ratics. The orientation of CNSin cold
drawn fiber is almoghesame a fully drawn fibersjndicatingthat the degree @GNT

orientationis almost saturately the cold-drawingprocessFully drawn fibers showed
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no noticeablerelatiorshipbetween CNT concentration and their orientation, since
differences ifrwnr fall within theerror.Also, it should benoted that the PAN crystal
orientationis affected adverselys nanotube loading increaskgy of fully drawnfibers
with 0, 0.1, 0.5, and 1wt.% of FWNTsare 0.902, 0.895, 0.877, and 0.866, respectively
(Table3.4 and3.5)). PAN polymersareeasily aligned along CNTs. For this reason, PAN
molecules in the vicinity of CNTs might reduce the avefage since thebest

orientation of CNTsftwnt =0.8639) is lower than that of PANR:f\=0.902).

Based on WAXD and Raman results, the orientation of CNT and polymer
molecules can bidlustrated as shown in Figui@12. In the asspun composite fiber, the
nanotubes stato align along the fiber axis, while PAN crystasve much lower
orientation At the asspun stagethePAN crystal structure isot a perfecty hexagonal
oneg as can bgudgedfrom thed-spacing ratiaf 1.630f equatiorial reflections atdof
17°and30° (Figure 3.13) After composite fibers experienceld-drawing the nanotubes
are well aligned along the fiber axig@t PAN crystals are not well aligned along the fiber
axis. The fully drawn fibers show go@NT and PAN crystal orientatiomn the fuly

drawn fiber,PAN crystalexhibitshexagonbpacking asthe d-spacing ratio between 17°

and 30° of equatorial scan is close8 (1.72) Generallyreflection inthemeridional
scan of highly drawn PAN fibers can be deconvolutéal two peaks at@®-36°(zigzag
sequence of PAN) andi240° (helical sequence of PAN}169-170]. Although reflection
in themeridional scan of PANMO-MAA/FWNT composite fibershowsa single peak,
lower peak position othefully drawn fibes (Table 3.5) suggestsore planar zigza
sequence ahe PAN moleculesThe meridional peak position of fully drawn PAdg¢-
MAA/FWNT composite fiberslecreasewvith increasing FWNT concentration (Table
3.5). This implies that more planar zigzag sequence of PAdassblein thepresencef

FWNTs, which is in good agreement with PAN/SWNT composite fiber stiidi2k
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3.3.5 Thermal Analysis of PAN-co-MAA Precursor Fibers

The DSC thermograsof thePAN-co-MAA control fibers andPAN-co-
MAA /FWNT composites fibers are plotted in Fig®.¢4 The ramping rate was
10°C/min, and 3 heating cyctaverecarried outunder air for each sample. In both cases,
the peaksppearat 273, 295and 335°C, and no heat evolutivis observed ithe2™ and
3 cycles. The heabf stabilizationare1.4kJ/g and 1.&J/gfor thecontroland the
PAN-co-MAA/FWNT composite fibes, respectivelyThe heat of stabilization is
increased in the presence of CNTe.evaluate the effect bieating ratethe same tests
were performed at a ramping rate dCl/min andthe results arplotted in Figure3.15.
For DSC thermograms for control and composite stvamypeaks at around 230 and
280°C, respectively andinexpectedheat evolutiorwas obsrvedat around 378C. The
heas of stabilizationare2.1kJ/g forthe control and 2.4J/g for composite fibers-orthe
control fiber, no noticeable heat evolution was obsedegthgthe second rurconversely,
thecomposite fiber exhibited heat evolutiat350°C. In thestabilization process,
cyclization and introduction of oxygenxidation) are involvedas discussed i@hapter
1. The oxidation process is affectedtbgdiffusion of oxygen, which can be slowed
down in the presence of CNTs due te tfath lengthAlso, mild stabilization conditions
are originated by slow heating rafp the peak value is reduced as compardti¢o

10 °C/min, (ii) theexothermigpeakbroades.
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Figure3.14 DSC thermograms qB) PAN-co-MAA (DR=13 2.73 3.5) fiber and(b)
PAN-co-MAA/ FWNT (1 wt.%, DR=13 2.(® 6.0) fiber at the heating rate of 2G/min.

Air was purged at a flow rate of 50 ml/mifhe £, 2%, and3™ heating cycle were
plotted together. Note that thermograms $fand 2 heating cycle were shifted upward
for the purposeof clear comparison
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Figure3.15 DSC thermograms afa) PAN-co-MAA (DR=13 2.73 3.5) fiber and(b)
PAN-co-MAA/FWNT (1wt.%, DR=13 2.8 6.0) fiber at the heating rate of°C/min.

Air was purged at a flow rate of 50 mli/mifhe £, 2% and & heating cycle were
plottedtogether. Note that thermograms &f &and 2% heating cycle were shifted upward
for the purposeof clear comparisan
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It is well known that the cyclization reaction mechanism of PAN hpolgmer
is aradical mechanism whilat inacid containing goolymer PAN is governed by ionic
mechanisi{83]. The heat of stabilization ¢tie PAN-co-MAA copolymer(M,, of
243 10° g/mol), PAN-co-MAA /FWNT compositehomopolymer PANNI,, of 2.53 10°
g/mol), and PANMmulti wall nanotube MWNT) compositeare summarizeth Table3.7
for comparisonin all cases,He heat of stabilization was reduceditgreasing the
heating rateThe excessive localized heat can lead to inhomogeinetite fiber by
abrupt gas evolution. The heat of stabilizatiothefPAN-co-MAA control is lower than
that ofthe PAN homopolymercontrol. This impliesthattheionic mechanismgenerate
lessexothermic heat during the stabilizatitrandoestheradical mechanisnirhe
cyclization reaction initiated around 170 in the caseof theionic mechanisnfPAN-co-
MAA), while it initiated around220°C for the radical caséPAN homopolymej. Based
on these observationrBAN-co-MAA precursolis favorable tcavoid excessive heat

during stabilization.

Table37Summary of @&H of. stabilization (kJ/ g)

PAN-co-MAA (co-polymer) PAN (homaopolymer)

Control FWNT Control MWNT
Iwt.% Iwt.%
Fiber diametergm) 21.5 204 13.5 13.2
Drawing condition 132.73 3.5 13236 53137 53137
aH (kJ/g)at heating rate o 14 16 24 29
" : : : :
10°C /min (1S run)
aH (kJ/g)at heating rate o
(/) g 2.1 2.4 7.1 4.8

1°C /min (1St run)
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To judge theeffect ofstabilization timeg hours of isothermal tests were
conducted at 265, 298nd 325°C, which were selected from the peak positiohef
ramp test aaramping rate of 10C/min (Figure3.16). In all cases, thexothermic heat
flow decayed after the temperature reached setting temperBbestabilizationseems
to be complete after six houiBhe heat of stabilization resulbé this studyare
summarized in Tabld.8. The heat of stabilization valuésr contol fibersincreased
with increasing isothermal temperatube(, 7.2 and 8.8 kJ/dor 265, 295, and 32%C,

respectively.
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Figure3.16 DSC thermograms of isothermal test of P&XMAA control (a) andPAN-
co-MAA/XO021UA 1 wt.% composite(b) fibers
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Table3.8 Heas of stabilization of various fiberat different isothermal conditions

PAN-co-MAA (co-polymer)

control FWNT 1 wt.%
Fiber diametergm) 215 204
265 °C, holding 6 hrs 5.5 53
295 °C, holding 6 hrs 7.2 6.8
aH (kJ/g) 325 °C, holding 6 hrs 8.8 8.3

265 °C, holding 6 hrsy
4.2/0.9 3.9/0.8

325 °C, holding 4 hrs

To check thehancs of further stabilization reaction after finisg the
isothermal test at 26%C, an additional isothermt#mperaturavas imposed &25°C for
four hours after the isothermal temperature te&6&6f°C for six hours(Figure3.17).
Additional heat flonevolution was observed #tesecond isothermalycle, indicating
incompletion of stabilization after 6 hours of stabilization at ZB5This implies that
more than one holding temperatisdavorableto ensure the completion of stabilization
FT-IR spectrdor theisothermaltestedDSC specimesof the control fiber (Figure3.18)
confirmthattheunreactedhitrile band (ca. 2246mY) still exists due to the large

diameter othespecimen (~2@ m) .
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Figure3.17 DSC thermogramef isothermal test dPAN-co-MAA control andPAN-co-
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wt.%) fibers.
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3.36 Stabilization and Carbonization of PAN-co-MAA Control Fibers

The stabilization conditizs and associated tensile propertiethefttabilized
fibers are summarized in Tal8®. Asthecyclization reactiomproceeds furtheentropic
and chemical shrinkageccuf95], sothe diameter of the stabilized fiber should be
reducedasno contraction was allowemiong thecontinuous funace line. Since the
precursor fiber diameter was used thoe calculation of stresses tife stabilized fibers,
the tensile strength and modulugunderestimated her&he elongation at break

decreasewith advancinghe stabilization stem@s shown irFigure3.19.

Table3.9 Tensile properties of stabiliz¢dtab.)controlfibers

Precursor  1%stab.  2"stab.  3“stab. 4" stab.
Temperature . 285 290 330 350
(°C)
Residence time i 75 286 50 20
(min)
Stretching - 0 6 0 0
(%)
Pre tension ) 1 1 1.6 1.6
(9)
Measured - 1 27~34  13~14 0.9
tension (gf)

Elongation at

break (%) 9.0°0.4 9.42.4 8.9°0.9 4.70.7 4.6°0.7

Tensile 22515 16.210 13.001.9 11.31.9 12.21.7
Modulug (GPa)

Tensile o .
Strengthi (GPa) 1.1r0.07 067°0.1 0.6000.05 0.340.03 0.31°0.02

* precursor fiber diametdr2 1 . 5e m) was ngsepsie priopenties of all s&hilized fibers
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Figure3.19 StressStraincurves of precursarontroland stabilized fibers

The WAXD resultsof the stabilized fibers arsummarizedn Table3.10. As the
stabilization stepproceeddurther, the diffraction patterns diffuse and the crystal size of
PAN reducs as the PAN crystals are convertedhecyclic structureThe peak at 26°
indicates thathe graphitic crystal structure starts to fokspon stabilization he
conversion from PAN crystal to cyclic structure can be visualized by pldtteng
eguatoriakcan intensity as a function off angleas shown in Figure 3.20he PAN
crystal peakataroundl17° and 30° decreased as stabilizatmogreses while the
graphitic crystal peak at 26° starts to increase. ddueatoriakcan aftethe4™
stabilization stegxhibits weak intensitat 17°, whichimplies the existence of PAN

structure and i1 good agreement with FIR resultsshownin Figure3.21.
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Table3.10 WAXD pattern and crystal size informatiof PAN-co-MAA control
(DR=13 2.73 3.5) and stabilized fibers

precursor  1%stab. 2" stab. 3" stab. 4" stab.
Diffraction ol o . N -9
Pattern
Crystal size
at 2~16° 14.7 9.0 3.7 1.3 1.3
(nm)
Crystal size
at 2~26° - - 1.1 1.1 1.1
(nm)

Judging from the intensity of the nitrile group and hydesbon peakinthe FT-IR
spectra, lte stabilization was almost complete aftérsgep.To verify the completionof
stabilization the ¥ step and % step stabilized fibers were carbonizew comparedrhe

WAXD and tensile properties ¢fie carbon fibers are summarized in TaBI&l.
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Table3.11 WAXD results of carbon fibers frofARAN-co-MAA precursor fibers

1% carb.A 1% carb.B 2" carb. d
h rd t 3" carb.
(after 4" stab.) (after3@stah) (after F'carb. A)
Temferat”re 600 600 800 1100
(°C)
Resid ti
esidence time 20.3 20.3 20.3 10.2
(min)
Pretension 1.6 1.6 1.6 1.3
(gf)
Diffraction ' ) ‘ ) ’ » —
Pattern
Di amet e 16.6 16.6 16 15.2
Crystal size
(nm)at26° 1.5 1.5 1.6 1.5
Modulus (GPa) 36°3 33*4 89°9 12724
Tensile 0.8£0.15 0.730.16 0.850.13 1.0°0.2
Strength (®a) ' ' ' ' ' ' T
Elongation at
g 2.31°0.47 2.26°0.53 0.920.14 0.75°0.13

break (%)

The tensile prperties otthecarbon fibergrom the stabilizedfibersafterthe 4™
stabilizationare superior to thdtom the stabilizedfibersafterthe 3" stabilization Since
the uncyclized structurecannot withstand the carbonization temperatilveyturn into
defecs during carbonizatiorMore perfectionof structure in the % stabilized fiberss
responsibldor the high measured tensiamder which they withstand without breaking
during carbonizatiorthese factors explain tliesuling tensile propertied-lowever, the
fibers carbonized at 110C only reached 1 GHa tensile strength and 127 GkPa

tensile modulus. Thpoortensile properties might whie tothe large fiber diameter
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whichrequires longrreaction time for oxygen diffusion amglnot favaableto minimize
defective structure formatiolso, the stabilization and carbonization conditions should
be optimized to enhance the tensile properfiés. tensile strength and tensile modulus
increase as carbonization temperature inceeagele thediameter and elongation at

break decrease (Figuge22).
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Figure3.22 Effect of carbonization temperature on tensile prope(Bgsand diameter
andelongatiomat break(b).
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Figure3.23 SEM images otarbon fibers (a, b, and carbonized at 60€C; d, e, andf
carbonized at 80€C; g, h andi : carbonized at 110%C, respectively)

To observe the cross section and surfadaetarbon fibers, scanning electron
microscopy (SEM) was used (Figu823). SEM imagea and gshowed groove (pointed
by arrows)on the fiber surface which might bee to thdriction between the fiber and
fiber guide during the whole proceduretbe original came from gel spinning condition.
In summary, the tensile strahgand modulus increased with carbonization temperature
while elongation at break and diameter decreéadewever, the final carbon fiber tensile
strength is lower thathe previous resustpresentedn Chapter 2. The tensile properties
can be enhanced/loptimizing stabilization conditions such as residence time,

temperaturgand tension.
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3.4 Conclusions

In thelow shear rate regime, viscositytbie PAN-co-MAA /FWNT (1 wt.%)
composite solution is higher than thatloé control solutiorwithout nanatibes The
oppositebehavior was observed in thegh shear rate regimBy adoptinga cold-
drawingprocess, tensile strength bfl5 GPaand tensile modulus @6.1 GPavas
achieved fothe controlPAN-co-MAA fiberswhich are higher than literature values
(tensile strength of 0.90 GPa and tensile modulus of 22.1 GPayé&kspuncontrol PAN
homopolymeffiberd122]). For PAN-co-MAA/FWNT (1wt.%) composite fiberscold-
drawing procestacilitated thedevelopment of a fiber with tensile modulusf 31.7 GPa
at relatively lowtotal draw ratio of 18WAXD studies reveal that the highest crystal size
of fully-drawnPAN-co-MAA fiber thatwent throughhe cold-drawingprocesss 16.2
nm, whereas typical crystal size of horpolymergelspunPAN fiber is about 1412 nm.
For comparison, for a solutiespun PAN fiber, the typical crystal size is only abo#t 5
nm.The Her manos o rthedeWNTa(trwn® imthefPANscO-MAA /FVNT
(1 wt.%) fiberis higher than that of PANHan), if measuredfterspinning and cold
drawing process.

The heat of stabilization e PAN-co-MAA controlfibersis lower tharthat of
the PAN homaopolymercontrolfiber. For PAN-co-MAA, the heat of stabilization
increased with incorporation of the FWNT in the fibEne PAN-co-MAA control fibers

are stabilized and carbonized &gontinuousheattreatmenprocess.
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CHAPTER 4
PAN-CO-MAA/ VAPOR GROWN CARBON NANO FIBER (VGCNF)

COMPOSITE FIBERS

4.1 Introduction

OxidizedPAN hasthe Limiting Oxygen IndexLOI) of 40 which is good for fire
barrier application, while the neat PAN Ha3I of 21 which is equivalent to PET as
listed inTable 41. Literature[171-172] repored that the firdarrier propertyf polymer
can be enhancaediith reduced heat release ratgincorporation of vapor grown carbon
nanofibes (VGCNFs) due to thehigh thermal conductivity of VGCNFE#n this studythe
PAN-co-MAA (methacrylic acid)VGCNFs compositdibers were spun using drjet
wet-spinning technique witW GCNFs concentration of 0, 5, and 1@.%, respectively

and characterizefdr their mechanical propertiesd structural changes.

Table 41 Limiting Oxygenindex (LOI) of varous polymesg[173].

Polymer type LOI* Polymer type LOI*
Acrylic (PMMA) 17 | PPO/HIPS 24
Polyolefin (PE,PP) 17 | Polycarbonate (PC) 25
Polystyrene (PS) 18 | Polyphenylensulphde (PPS)174] | 34
Polyethylene terephthalate (PET 21 | PreoxidizedPAN[175] 40
Polyacrylonitrile (PAN)176] 21 | Polyvinylchloride (PVC) 45
Polyamide (Nylon) 24 | Polytetrafluoroethylene (PTFE) >95

* LOI: The minimum concentration of oxygendmygeni nitrogen mixture, required to just support
downward burning of a vertically mounted test specimen. Thereforesthighl values represent better
flame retardancy.
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4.2 Experimental

4.2.1 Materials

PAN-co-MAA (4 wt.% MAA content,M,, - 1.08% 10° g/mol) was obtained from
JaparExlan, Co.Vapor grown carbon nanofibefgGCNFs PR-24-HHT, heattreatedat
3000°C) were obtained from\pplied Sciencesinc. (Cedarville, OH. N,N-

dimethylformamide (DMFwasobtainal from BDH, Inc.and was used as received.

4.2.2 SolutionPreparation

VGCNFs were dispersed in DMF by sonication method (Branson 354DRL00
W, 42kHz) at a concentration @ 59/300mL for 24 hoursPAN-co-MAA polymer (8.5
g) was dried in vacuurat 100°C and dissolved in DM (100 nL) at 80°C.
VGCNF$DMF dispersiorwas added tthe PAN-co-MAA /DMF solution and the excess
amount of solvent wasvaporated by vacuum distillation with mechanical stirring to
meet desired solid content in solvédd g solids PAN-co-MAA andVGCNFs)/100 mL
DMF]. Similarly, the other composite solutiow#th 30g solidswvere prepared at the

VGCNF concentration with rggect to the polymer of 0, 5, an@ Wt.%, respectively.

4.2.3 Solution Rheology

Solution rheologywas conductedccordingo thesame procedure and conditions
described in 3.2.3 except for capillary steady shear test which was conducted only at

40°C.

4.2 4 Fiber Spinning

ThePAN-co-MAA control andhe PAN-co-MAA /VGCNFs composite fibers
werespunat 40°C by dry-jet wet-spinning usinghe laboratory scalgpinningsystem
manufactured bBradford UniversityResearch Ltdwith singleholespinnere{250em

diamete). The prepared solution was spun ittte coagulation medignaintainedat
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room temperatudewith air gap ofabout21 3 cm The schematic of the spinning set up is

shown inFigure 41.

—— Extruding ram

Istroller Take-up roller
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Figure 41 The schematicfespinning setup for dryet wet-spinning ofthe PAN-co-
MAA/VGCNFs composite fibers

A 635 mesh (2@m) stainless steel filter packgrolator EFPInc) was used in the
spinning line. DMF/Water volumetric ratios in the coagulation baths (bath 1 and 2) and
drawing bath (bath 3) were 60/40, 10/90, and 0/100, respect®aily 1 and 2 were
maintained at rom temperatureyhile the drawing batfbath 3)wasmaintained at 95

98 °C. Fibes were drawn by passing througtawingbathat variousdraw ratis

followed by vacuum drying at 5 for 3 daysFigure 42 shows PAN controbnd
PAN/VGCNFs composite firs on spools.

Control Fiber VGCNFs Swt%
Vi

Figure 42 Photograptof the PAN-co-MAA and PAN-co-MAA /VGCNFs composite
fibers wound on plastic spools
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4.2.5 Characterization ofFibers

The PANco-MAA and PAN-co-MAA/VGCNF fibers are characterized as

describé in the previous Chapter 2 and 3.

4.3. Results andDiscussion

4.3.1Dynamic and Steady Shear Reology of PANco-MAA Control and PAN-co-
MAA/NGCNF Composite Slutions

The changes in complex viscosity of PAN-MAA and PAN-co-MAA/VGCNF
solutions as a funain of angular frequency are expresseBigure 43. The complex
viscosity of composite solution is lower than thatrefcontrolsolution This is because
the weight content of the PABb-MAA polymer in the composite solution is lower than
that of the catrol (28.5 g, and 27 g for VGCNF 5 wt.% and 10 wt.%, respectively vs. 30
g for control solution) to meéstal solid content®f 30 g Likewise, the tai of the
PAN-co-MAA/VGCNF composite solution is higher than that of the RPEANMAA
control solution Figure 44), implying that composite solution is less elastic due to the

reduced number of entanglements between polymer molecules.
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Figure 43 Frequency sweeest of complex viscosity of PANo-MAA/NVGCNF
solutions PAN-co-MAA 30 gfor control solution, PANco-MAA 28.5 g/VGCNF 1.5 g
(5 wt.%), and PANco-MAA 27 g/VGCNF 3 g (10 wt.%) for composite solution, are
dissolved, respectively in 100 mL DMF.

Figure 45 shows static rheology resultstbé PAN-co-MAA control andthe
PAN-co-MAA/VGCNF composite solutions. Though the molecular weight of RN
MAA used in thischapter is lower than that in Chapter 3, apparent viscosity of the former
control solution is higher than that of the latter due todrighncentration. Alcapillary
results showed good agreement with Power law model whose parameters are summarized

in Table 42.
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solutions as a function of angular frequerféf\N-co-MAA 30 g for control solution,
PAN-co-MAA 28.5 g/VGCNF 1.5 g (5 wt.%), and PABb-MAA 27 g/VGCNF 3 g (10
wt.%) for composite solution, adkssolved, respectively in 100 mL DMF.
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Figure 45 Apparent viscosity versus apparent wall shear rate by capillartae BAN-
co-MAA/VGCNF solutions PAN-co-MAA 30 g for control solution, PANco-MAA 28.5
g/VGCNF 1.5 g (5 wt.%)and PANco-MAA 27 g/VGCNF 3 g (10 wt.%) for composite
solution, are dissolved, respectively in 100 mL DMF.
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Based orthedynamic and static rheological results, the viscositi¢hef AN-

co-MAA control andthe PAN-co-MAA/VGCNF (10 wt.%) composite solign are

plotted inFigure 46 using CoxMerz rule. The viscosity of composite solution is lower

than that of control throughothie whole shear rate rangice the PANcO-MAA

concentration (27 g in 100 mL DMF) of composite solution is lower than that {30

100 mL DMF).

Table 42 Power law indicesaind R values forthe PAN-co-MAA/VGCNF solutions

Material function, R

m n R?
Control 756 0.372 0.993
5wt.% 380 0.432 0.984
10wt.% 400 0.388 0.987
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Figure 46 Comparison of viscous propertiggg) and #* (w) . PAN-co-MAA 30 g for

control solution, PANco-MAA 28.5 g/VGCNF 1.5 g (5 wt.%), and PABb-MAA 27

g/VGCNF 3 g (10 wt.%) for composite solution, are dissolvegees/ely in 100 mL
DMF.

4.3.2 TensileProperties

The diameter ofhe solutionspun PANco-MAA/VGCNF fiber became smaller
than that othe PAN-co-MAA control oneproducedunder gmilar drawing conditios as
VGCNF loading increask(Figure 47). This mplies that the die swell of polymer
solution extrudate was suppressed by the presence of VGCNF and is congiltgal
spun fiber resultdiscussedn Chapter 2 andhelt rheology results of PP/MWNT in
literaturd108]. The VGCNFs can be aligned along the flowthe spinneret and help to
reduce the die swell during the spinning. The spin paeksureluring the spinningf
compositesolution (LO kgf Ywas lower than that of control one (20 kgf)plying that
lower viscosity of composite solution than control ol at spinning conditionChe

PAN-co-MAA/VGCNF composite solution spun more stably without fiber breakage than
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the PAN-co-MAA control solution even though the viscosity fidirmerwas lower than
the ktter. Higher the viscosityd)/surface tensionj ratio of a material, the higher is the
spinningstability according to Ziabicks correlation betweetiandU[177]. Though not
measured in this study, the surface tensiam@PAN-co-MAA/VGCNF composite
solution should be lower thahat ofthe PAN-co-MAA control solutionto make thej/U
ratio large The dianeters othe PAN-co-MAA controlandthe PAN-co-MAA/NVGCNF

compositdibers at various drawing conditions are summarizetaiple 43 and 5.4.
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Figure 47 Diameter changes dtie PAN-co-MAA controlandthe PAN-co-

MAA/VGCNF composie fibers as a functioof hot draw ratio (spin draw ratio was fixed
as one)
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Table 43 Mechanical properties dlfie solutionspun PANco-MAA control fibers

Tensile Tensile Elongation Work of

Dravv.ir.mg " Diameter Strength  Modulus  at break rupture
condition$ (em) (MPa) (GPa) (%) (MPa)
0.63 6.7 54.8 340° 15 9.4°0.2 7.304 15°1
0.63 8 49.4 500°43 121°04 8.5°0.8 25°4
0.63 95 45.9 530° 56 12.9°05 7.20.6 22°4
136 46.2 430° 37 11.7°04 9.30.9 25°4
137 44.1 470° 49 11.70.3 8.5°0.9 244
Control
13 8 40.1 500° 67 12.5°0.5 7.91.0 23°6
333 37.1 360° 24 9.6°0.2 10.81.0 25°4
334 32.0 440 33 122°0.3 8.0°0.9 22°4
335 28.6 480038 133°0.3 6.8°0.7 20°3
533 28.9 420027 11.5°0.3 7.4°0.6 19°3
SSDR3 HDR
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Table 44 Mechanical properties dlfie solutionspun PANco-MAA/VGCNF composite

fibers
VGCNF | Drawing Diameter  Strength  Modulus Elongation - Work of
i at break rupture
content | conditiong' (€m) (MPa) (GPa) (%) (MPa)
0.33 8 66.4 480 29 12.4°0.5 7.9°0.4 23°3
13 3 60.3 230°5 7.5°0.3 8.6°0.3 14°1
135 46.6 430 18 11.8°0.5 9.4°0.6 26° 2
3 o o )
5 Wt % 13 7 40.1 510° 20 13.1°0.4 8.1°0.4 25°2
333 35.6 32 15 9.6°0.2 11.31.0 26°3
VGCNF
( 15 33 4 30.2 410?55 11.8°0.5 11.80.5 26°2
PAN-co- | 33 5 27.1 450°21  13.0°04 7.9°05 23°3
MAA
28.5 Q) 3355 26.6 460° 15 13.3°0.3 6.6°0.4 19°2
532 33.4 250 6 8.3°0.4 12.70.9 24° 2
533 27.8 350 22 11.0°0.4 9314 23°4
5341 23.7 370°19 11.6°0.3 6.1°1.4 14° 2
0.63 6.5 48.9 360° 18 12.1°0.5 6.0°0.5 14°2
13 3 55.6 180°4 7.3°0.2 580.3 7°0.4
135 43.4 3104 10.6°0.3 6.9°0.6 15°1
10Wt.% 13 6.4 38.7 397 12.4°0.3 6.4°0.5 16°1
23 35 36.5 260° 39 9.9°0.9 6.4°0.3 11°1
VGCNF
( 3g 23 45 32.9 310011 10.6°0.4 6.80.5 14°1
PAN-co- | 23 56 29.3 410012 12.8°0.5 6.71.0 183
MAA
27g) |3°35 31.9 21046  7.6°3.0  8.1°0.8 12°3
33 4.2 27.3 350°10 11.2°0.4 7.304 17°1
335 24.9 410 18 12.8°0.5 6.6°0.4 17°2
43 4.4 23.2 4000 18 12.8°1.0 7.30.8 20°3
3SSDR3 HDR
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Thestressstrain curves othefully drawn (DR=15)PAN-co-MAA controland PANco-
MAA/VGCNF compositdibers show that they have similar tensile modaizout 13
GPa) but have different tensile strendtigre 48). Micro-voids are obs®ed in cross
section of PANco-MAA/VGCNF fibers (VGCNF 5 wt.%Figure 49 (a), and (b) and
VGCNF 10 wt.%:Figure 49 (e), and (f), respectively). These voids could be the reason
for lower tensile strength of PASo-MAA/NVGCNF composite fibers when compared
with that of control fibers, thought dispersion of VGCNF is good in both 5 w&igti(e
49 (b)), and 10 wt.%Kigure 49 (f). Figure 49 (c), (d), (g), and (h) exhibited fractured
surface of PANco-MAA/VGCNF composite fiberskFibrillated fiber crossectons are
observed irFFigure 49 (c) and (g), implying good adhesibatween PANcO-MAA and
VGCNF.

600
control VGCNF 5 wt%
500 1 \
VGCNF 10 W’E%\ Q/
400 -
[0
o
% 300
2]
o
9 200 |
100 -
O T T T T
0 2 4 6 8 10

Strain (%)

Figure 48 Stressstrain relationshipf the PAN-co-MAA controlandthe PAN-co-
MAA/VGCNF composite fibersAll the fibers have tal draw ratio 15.

To investigate the effect gpindrawingon mechanical propertiethe PAN-co-
MAA control andthe PAN-co-MAA/VGCNF composite fibers were prepared at various

drawing conditions and their mechanical properties are summariZedbie 43 (PAN-
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co-MAA control fibers), andrable 44 (PAN-co-MAA/VGCNF composite fibers).
Maximum hot draw ratio was pursutat each asspunfiber with different spindraw
ratio to achieve the highest mechanical properties. For control fibers, as tugaspin
ratio increasd from 0.6, 1, 3, ando 5, the maximum hot draw ratio decreased as 9.5, 8, 5,
and 3 respectivelyResultingtotaldraw-ratios were 5.7,8, 15, and 15 respectiveljlso,
the tensile strength ofiedrawn fibers decreaddérom 530,to 500, 480 andfinally to
420 MPa with increasing spin draw ratkiqure 410), whereas the tensile modulus
reaches 13 GPa in most cases except for SIFbre 411) sampleJames et a[160]
derived mathematical relation between-pristing orientation and natural draw ratio (the
amount of strain when stable neck form during deformtiof]) and concluded that the
natural draw ratio of polymeric materials decreases witheasing existing orientation.
In this sensehie maximum hot draw ratidecreased witincreasingspin drawratio as
summarized iMable 43 and 5.4Higher hot draw ratio fiber with loar spin draw ratio
showed better mechanical properij€able 43 ard 5.4).

Composite fibergontainingd wt.% VGCNF showed similar trend of tensile
strength to that of the control fiberghe PAN-co-MAA/VGCNF (5 wt.%) composite
fibers with the higher spin draw ratio showed the lower tensile strength except spin draw
ratio of 0.3as shown irFigure 410 (a) The diameter of fully drawn fiber with spin draw
ratio of 0.3 is the largest among the fully drawn fimard this coud be the reason for
slightly lower tensile strength thahe overalitrend.10 wt.% VGCNFncorpaated
composite fibers showed different tensile strength trasdsompared tthe previous
casess shown irFigure 410 (b) Failureto follow the trendn this case&comes from low
hot draw ratioJain et al[112] observed voids at the ends of VGCNF in his soluipan

PAN/VGCNF study. These voids can act as defect during deformation.
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Figure 49 SEM micrographsof PAN-co-MAA/VGCNF (5 wt.%) composite fiberga)~(d)and PANco-MAA/NGCNF (10 wt.%)
composite fibers(e)~h).
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Figure 410 Tensile strength at various spin draw ra{@) PAN-co-MAA control and
PAN-co-MAA/NVGCNF (5 wt.%) composite fibers, (b) PAldo-MAA/VGCNF (10
wt.%) composite fibers

Based on this assumption, large population of vatdboth ends of VGCNF could be the
reason for lowrdraw ratio. Also tensile moduli df0 wt.%VGCNF composite fibers are

slightly lower than that of contrdibersas shown irFigure 411.
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4.3.3 Structural Changesby Processing

WAXD 2D patterns and integrated scanshafPAN-co-MAA control, andthe
PAN-co-MAA/NVGCNF composite fibers arghownin Figure 412. Graphite peak at
20~26° appearss sharp atof which intensity increases as VGCNF loading increases.
The average graphite crystal size 8 1.3 nm (Looz2 columnin Tabe 46) by using
full width at half maximum of graphite peak af~26° which isin good agreement with

reported value of ~17 nm literature[136]
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Figure 412 WAXD photayraph and integrated scan fally drawn (a) PAN-co-MAA
control(HDR=8), (b) PAN-co-MAA/5 wt.% VGCNF (HDR=7), and (c) PANco-
MAA/10wt.% VGCNF (HDR=6.4)composite fiber, respectivel$DR=1 for the all
fibers.



The ratio between twd-spacings at@-17° and at 2~3C of thesolutionspun
PAN-co-MAA fibers are plotted irFigure 413 with gelspun control fiber results for
comparison. The-spacing ratio (&~17°/2d~30°) of gelspun fiberincreases with
increasing total draw ratio and approaches squarefdbtee (~1.732) as shown in
Figure 413 in solid circles, while that of solutiespun fiber remains similar (1.692
~1.725) regardless of total draw ratio. Differences in the amount of residual solvent in the
as spun fiber could be thheasonresidual stvent in the solution aspun fiber could be
smaller than that in the &pun fiber by using gel spinning technique. The detaled

spacing at 8&~17, at 24~3(C°, and their ratio are summarizedTiable 45, and 5.6.
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Figure 413 Comparison of eépacing ratio as a function of total draw ratio between gel
spun and solution spun fibers (a) PANMAA (2.43 10° g/mol) control gel spun fiber
and PANco-MAA (1.082 10° g/mol) control solution spun fiber (b) PABO-MAA

(2.43 10° g/mol)/FWNT (1 wt%) gel spun fiber and PANO-MAA (1.08% 10°
g/mol)/VGCNF ( 5wt.%) solution spun fiber

The average meridional peak positiorttegfully drawn PAN-co-MAA/VGCNF
composite fiberglecreasd with increasing VGCNF concentratidd®(8 + 0.10, 39.8 +
0.13, and 39.5+ 0.17 forthesolutionspun PANco-MAA control, the PAN-co-
MAA/VGCNF (5wt.%), andthe 10 wt.% composite fibers, respectivdlgble 45 and
5.6). This implies that more planar zigzag sequence of PAdasblein the presencef

VGCNF.
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Table 45 PAN crystal information ofhe solution spun PAN:o-MAA control fibers

Total . Crystallinity PA_N Crystal eA o dog-17 dog-30r dog-17

Draw ratio (%) size(nm) PAN meridional (nm) (nm) | dog-30r
As spun 0.6 454 4.3 0.008 40.54 0.51977 0.30303 1.7152
As spun 1 43.6 4.3 0.022 40.35 0.52155 0.30419 1.7145
As spun 3 42.8 4.0 0.040 40.80 0.51673  0.30325 1.7039
As spun 5 43.7 3.9 0.069 40.66 0.51960  0.30408 1.7087
0.68 6.7 4 52.1 6.0 0.602 39.80 0.52377 0.30628 1.7101
0.6 8 4.8 50.5 5.8 0.591 39.80 0.52667 0.30823 1.7086
0.6 9.5 5.7 52.0 6.0 0.604 39.80 0.52598 0.30818 1.7067

Control

136 6 47.7 4.9 0.552 39.82 0.52782 0.30603 1.7247
137 7 49.8 5.3 0.588 39.82 0.52528 0.30540 1.7199
138 8 51.6 5.9 0.609 39.77 0.52548 0.30793 1.7064
333 9 50.9 4.7 0.470 39.95 0.52500 0.30582 1.7166
334 12 51.5 5.6 0.545 39.84 0.52514  0.30724 1.7092
335 15 52.7 5.8 0.596 39.76 0.52619 0.30863 1.7049
533 15 51.0 5.2 0.545 39.97 0.52702 0.31154 1.6916

AHermaru‘:s orientation factoof PAN, T meridional peak positiond,g-17 d-spacing at @~17°, dyg-3¢- d-spacing at @&-30°
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Table 46 PAN and VGCNFcrystal information of solution spun PA&-MAA/NVGCNF composite fibers (continued on next page)

Total Crystallinity® (_ZrystafA Lo Lid o LA o Oogr7”  Oogoze” Otz ™

Draw ratio (%) size(nm) (nm) (nm) VGENF (nm) (nm) [dog-302

As spun 0.3 46.2 4.1 15.3 0.012 0.484 0.52145 0.30491 1.7101

As spun 1 47.8 3.9 14.2 0.027 0.517 0.52268 0.30236 1.7286

As spun 3 48.4 3.4 15.7 0.058 0.554 0.52463 0.30892 1.6982

As spun 5 48.5 3.6 16.5 0.053 0.556 0.52148 0.30479 1.7109

0.328 2.6 51.6 5.4 18 3.4 0569 0.697 39.71 0.52457 0.30840 1.7009

133 3 a7.7 4.9 176 3.9 0340 0.643 39.63 0.52628 0.30560 1.7221

135 5 49.2 5.0 176 3.0 0.459 0.691 39.75 0.52563 0.30533 1.7215

Swt.% 137 7 50.4 5.4 13.7 3.2 0570 0.705 39.53 0.52638 0.30687 1.7153

323 9 51.9 4.7 16.1 3.7 0.422 0.651 39.46 0.52514 0.30609 1.7156

334 12 53.6 4.9 164 3.4 0478 0.690 3945 0.52473 0.30747 1.7066

335 15 53.4 5.0 168 3.9 0559 0.711 39.60 0.52451 0.30796 1.7258

3355 16.5 53.9 5.2 152 3.3 0549 0.719 39.67 0.52547 0.30646 1.7146

532 10 49.9 4.8 151 3.2 0.378 0.657 39.42 0.52469 0.30649 1.7119

533 15 52.7 4.9 140 45 0.461 0.679 39.39 0.52456 0.30848 1.7004

534.13 21 54.2 5.2 150 3.8 0.534 0.697 39.44 0.52464 0.30747 1.7063
APAN,aVGCNFcrystaI size from equatorial sc&rYGCNF crystal size fronmeridioral scan”"He r manés ori entation factor
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Table 46 PAN and VGCNEF crystal inforation of solution spun PANo-MAA/NVGCNF composite fibers (continued).

Total  Crystalini’ Crystal' Lo Lao’ P S tog1r”  Oagsr”  Ooper
Draw ratio (%) size(nm) (nm) (nm) VECNF (nm) (nm)  /dxgs0r
As spun 0.6 44.3 3.9 15.3 0.024 0.460 0.52492 0.30486 1.7218
As spun 1 41.1 3.2 16.2 0.022 0.441 0.52284 0.30399 1.7199
As spun 2 45.8 3.3 15.5 0.028 0.500 0.5549 0.30710 1.7111
As spun 3 44.5 3.2 15.7 0.044 0.514 0.52092 0.30698 1.6969
As spun 4 45.1 3.6 15.6 0.052 0.510 0.52416 0.30307 1.7295
0.57 6.5 3.7 51.1 5.3 16.7 3.4 0510 0.643 39.41 0.52648 0.30640 1.7182
133 3 47.9 5.4 159 35 0.346 0.617 39.62 0.52587 0.30490 1.7247
10 135 5 51.4 5.1 171 3.3 0471 0.637 39.45 0.52688 0.30597 1.7219
wto 136.4 6.4 52.4 5.3 171 3.3 0528 0.632 39.40 0.52731 0.30633 1.7213
23 3.5 7 49.8 5.3 155 35 0433 0.626 39.59 0.52664 0.30594 1.7213
2345 9 50.3 5.1 150 3.4 0497 0.646 39.44 0.52591 0.30574 1.7201
235.6 11.2 51.1 5.2 181 2.6 0543 0.643 39.67 0.52623 0.30569 1.7214
333.5 10.5 49.6 4.8 159 3.0 0438 0.630 39.32 0.52764 0.30604 1.7240
334.2 12.6 50.3 5.1 16.7 3.3 0554 0585 39.68 0.52805 0.30999 1.7034
335 15 51.6 5.1 16.7 2.8 05% 0583 39.78 05563 0.30879 1.7022
43 4.4 17.6 50.4 4.9 182 3.1 0535 0.688 39.47 0.52650 0.30740 1.7127
~PAN, *VGCNF crystal size from equatorial sScdV,GCNF crystal size from meridional scatier manés or i BMGENFt i on f act or
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Comparison of crystal size of fully drawn fiber revealed that higher the spin draw
ratio of asspun fiber, the smaller is the crystal sahievedafter hotdrawing Figure
4.14). Also the crystal size of fully drawn fibers with same SDR decdeagk
increasing VGCNF content. These observations confirmed strong relation between hot
draw ratio and crystal size because the maximum achievable hot draw ratioetecreas
with SDR160], and VGCNF contenCrystallinity and crystal size of solutiespun
fibers (controland compositeat givenspin draw ratio increased as hot draw ratio

increasedKigure 415).
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Figure 414 Comparison of crystal size tfefully drawn PANco-MAA control andthe
PAN-co-MAA/VGCNF compositefibers with various spin draw ratiblot draw ratio of
eachfiber is same with that listed iRigure 411.
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Figure4.15 (a) Crystallinity and (b) Crystal sizef PAN-co-MAA and PAN-co-MAA/VGCNF fibers at various draw ratso
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4.3.4 Orientation of PAN Crystal and VGCNF

Theorientation of PAN igleterminé by the azimuthal scan atf-217° and ttat of
VGCNEF can be obtainegdom theazimuthal scan atd?26°. However,the azimuthal
scan at @~26° also contains intensities coming fradPN (201) and (310,020) crystals.
This can be observed kigure 416 (a)and overlap of deonvoluted integrated ses at
2d~26° as shown irFigure 412. Thusjntensitiesfrom PAN (201) and (310,020) crystals
at 2~26° should be subtracted from originaimuthalscan.Figure 416 shows (i)

original Zimuthalscan at &@~26°, (ii) intensities fronPAN (201) and (310,02&rystals

at 2~26°, and (iii) corrected\zimuthalscan at @~26° after subtractionamuthalscan

of (ii).

(a)
—— (i) original intensityat 26-26
=— (i} intensity from
diffused PAN crystal
(201), (310,020)at 28~26
—({iiijcorrected intensity

900 4

w
I=
=]
o
£ 600
=
2
g A it o
= (i)
300 1 /
(iii)
O B T T T T T
-90 -45 0 45 a0

azimuthal angle from Equator
Figure 416 (a) Original, and corrected intensity of azimuthal scatHfePAN-co-

MAA/VGCNF (1 wt.%)composite fibe(DR=3? 5), (b) azimuthal 2D pattern of graphite
(002) at 2~269 (c) intensity contribution from diffused PAN crystal (201), (310,020)
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The VGCNFs used in this study have dodlblger structure as shown kigure
4.17[136]. The outer graphite layer lies parallel to YW@CNF axis while inner graphite
layer forms stacked cup geometry and has angle of beM@ENNF axid136]. As a
result,the intensities comg from inner and outer graphite layer ammbine in
azimuthal scanThe corrected azimuthal scanRigure 416 was deconvolutednto three
peaks Figure 418); de-convoluted blue line for outer graphite wall of datdyer
VGCNF and two green intensities come from inner graphite wall of which direction has
angle of 14 degrees between VGCNF awiBich is in good agreement with literature
value (11~17) [136]. The deconvoluted blue line was used for evaluation of Her@man
orientation factor of VGCNFyccne)-

Calculated Hermdis orientatiorfactorof PAN (fpan) and fycene aresummarized
in Table 45 and 5.6Thefpan Of asspun fiber is poo(~0.07),whereasfyccne for as
spun fiber is~0.56 implying that orientation of VGCNF occurs before PAN crystal
orientation.The highestpan for solutionspun fiber is as high as 0.61aple 45),
whereas that for gedpun fiber is 0.90 (Table 3.5 in ChapterB)r soldion spun fiber
hot-drawingwas performed dbwer temperature (10TC) as compared tine draw
temperatureisedfor gelspun fiber (170C). Higher drawing temperature aboveg gives
enough mobility to the entangled PAN molecudeghat they can be dravio higher
draw ratio. hus,molecular orientation increasakng the drawing direction.

Spin draw also contribuséo fpan as shownn Figure 419 (a). At the same hot
draw ratio,fpan increased with spin draw rat{8DR). The Hermags orientation faior of
VGCNF (fveenp) also increased with SDR ahdt draw ratio FIDR) as shown irFigure
4.19 (b). Thefycenr decreases with increasing the amounW GICNF loading agiven
drawratio as shown ifrigure 419 (b) This suggestthatorientation ofVGCNFs s also
affected by their concentratipsince VGCNF in high concentration has more chance to

be restrictedn its movemenby neighboring/ GCNFs
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Figure 417 (a) Transmission electron micrograph, and (b) high resolution trasgsmi
electron micrograpbf the doubldayerVGCNF[136].
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o [ \.. :‘"
100 \l/
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T I T I T I T l T I T
-90 -45 0 45 90
azimuthal angle from Equator

Figure 418 Peak fitted corrected azimuthal sard~26°(after Figure 416).
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4.4 Conclusions

ThePAN-co-MAA /VGCNF composite fibers exhibéimaller dameterthan that
of thecontrol fibers atcomparable processing conditiofiisis a result ofeduced die
swell in the presence of VGCNTIFhis also implies that good interaction betwéss
PAN-co-MAA molecules andhe VGCNF. The mechanical propertie$ the PAN-co-
MAA composite fibers are comparabk b wt.%VGCNF) or slightly lower &t 10 wt.%
VGCNF) than the control fibers. Micraoidsobservedn the crosssection of composite
fiber could be the reason for low mechanical properti¢segolutionspun PANco-
MAA/VGCNF fibers.Mechanical properties eifie PAN-co-MAA control, andthe PAN-
co-MAA/NVGCNF (5 wt.%) compositdibers increased with decreasing spiraw ratio,
whereas that ahecomposite fibers with 10 wt.% VGCNF loading showed opposite
trend due to poofiber drawability. The crystal size of PANo-MAA decreased with
increasing VGCNF concentration. Thespacing ratiodq¢-17/ dog-3¢¢) Of the solution
spun PANco-MAA fiber was around square root three(~1.732)regardless othetotal
draw ratig whereas that ahegelspun PANco-MAA fiber increasedrom ~ 1.63(as
spun fiber)to square rooof three(drawn fiber) Thenewmethod forevaluation of
doublelayer VGCNForientationin composite fibersvas developedn thecase of as
spun fiber, the Hermdm orientation factors of VGCNRcne) is much higher than that
of PAN crystal {pan) implying that orientation of GCNF occurs before PAN crystal
orientation.For asspun PANco-MAA/VGCNF fiber, PAN orientation fpan) increases
with increasing spin draw ratio (SDR8t a given hotdraw ratio,fpan increass with spin

draw ratio (SDRimplying that spindrawing helps PN molecules align to the fiber axis
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CHAPTER 5

GEL SPINNING OF HIGH MOLECULAR WEIGHT PAN /CNT

5.1 Introduction

To increase the tensile strength of PAN fiber, number of defects dloeassss
section of fiber should be decreased. Possible defectsraigrf particles, voids, chain
ends, aneéntanglemeri88]. Number of chain end defeaan be reduced by using high
molecular weight PAN for spinnifi89]. In thisstudy, gel spinning of high molecular

weight PANwas attempted to enhance the mechanical properties of precursor fiber.

5.2 Experimental

5.2.1 Materials

Three different polymers wenbtained from Japaxlan, Co; (i)
Polyacrylonitrile (PAN homopolymerM,, - 7.0% 10° g/mol), (ii) Polyacrylonitrile-co-
MethacrylicacidPAN-co-MAA ; 4 wt.% of MAA content,M,, - 4.73 10° g/mol), and (iii)
Polyacrylonitrile-co-ltaconicacid(PAN-co-1A; 2 wt.% of |A content My, - 5.23 10°
g/mol). For bicomponent spining, Polymethylmethacrylate (PMMA,, i 3.5% 10°
g/mol, SigmaAldrich Co. Ltd.) was used as sacrificial shell component which can be
removed after spinningrewwalled nandubes(FWNT: Lot # XO122UA with 2.4wt.%
metallic impurity) wee obtained from Carbon Nanotechnologies, Inc. (Houston, TX) and
used as received. Dimethylacetamide (DM#Aaeivedirom Aldrich co.waspurified by

distillation before use.

5.2.2 SolutionPreparation

Controland composite solution preparation followkd procedure described in

Chapter 3. FohomopolymePAN spinning, control solution was prepared at
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concentratiorof 9 g/ 100 mLof DMAc. PAN-co-MAA of 8.5, 9, or 11 gvasdissolved

in 100 mLDMAc for each trial of spinning with molecular weight o7 10> g/mol.
Likewise, solid contents of 10, 10&nd 12 g inl0O0 mLDMACc solution wereprepared

for spinning of PANco-IA. For brcomponent spinning, 30 g of PMMA was dissolved in

100 mL DMAc as sacrificial component solution.

5.2.3 Soluton Rheology

Dynamic fequency sweep tests were conduetediescribed in Chapter Baree
different solutions are prepared fiynamicrheology study; (i) PANcO-MAA (2.43 10°
g/mol, 12.5 g)/DMAc (100 mL), (ilPAN-co-MAA (4.73 10° g/mol, 11 g)/DMAc (100
mL), and (i) PAN-co-IA (5.23 10° g/mol, 11g/DMAc (100 mL).

5.24 Fiber Spinning

Various spinning techniques were combined withgg#hning toobtain small
diameter precursor fiber§he spin fiberswere drawn at room temperatysndwere

subsequentlye-drawn at 170C in glycerol bath

5.24.1 Multi-FilamentSpinning

ThePAN-co-IA control andhe PAN-co-IA/FWNTSs composite fiberaere spun
by utilizing gel spinning using Bdford Universty spinning unit withsevenhole
spinneretFor gel spinning othe PAN-co-IA control fiber, severhole spinneret witl250
em diameterorifice was usedThe PAN-co-IA/FWNT composite solution was gel spun

by utilizing severhole spinneret whose orifice diater is10Qum.

5.2.4.2 Bi-Componenfiber Spinning

To make small diametéibers, bi-component spinning witbore PAN-co-I1A)-
shell PMMA) geometry wasried using the laboratory scaledmmponent spinning

equipment manufactured by Hills, Inthe schemtéc setup for bicomponent spinning is
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shown inFigure 51. The orifice diameter of spinneret was 260, and temperature of
spin block andpinneretvas maintained at 11%C. The volumetric flowates of core and
shell component werset equallyat 1.0 cni/min, which is equivalent to the linear jet
speed of 40 m/min. The a&pun fiber was immersed into gelation medium (methanol) of
which temperature was maintained &0 °C. The air gap between spinneret and gelation
bath was maintaineat 2 cm. The aspun fibers were collected on plastic spools at two
differentspeeds40, and 120 m/mito achievespin draw ratioof 1, and 3, respectively
Then the aspun fibers were preserved in methanol at temperaturgdQsfC for 24

hours to ensure gelation. Theellcomponent (PMMA) was removed during ttad-

drawingby partially immersing takep spools in nitromethane.

' Plunger ‘
AN

| |

Core/Shell

geometry
Filter

«——— Distribution

- Panels
T -
Spinneret

Figure 51 Schematics of bcomponent spinning
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5.2.4.3 Gel Spinning

Gel spinning ofall threehigh mokcular weight PANvas conductedsing smaller
diameter spinnerdtliameter of 12um). Other pinningconditions angbrocess

parameteraresame with whatlescribed irChapter 3.

5.2.5 Characterization ofFibers

The fibers prepared in this study are euderized as described in the previous

Chaptes 2 and 3.

5.3 Results andDiscussion

5.3.1 DynamicShear Rheology ofHigh Molecular Weight PAN Solutions

The changes in complex viscosity of various Pgda\utionsfrom dynamic
frequency sweep test are shomrrigure 52. The high molecular weight PABb-MAA
and PANco-IA solutions (473 10° g/mol, and 523 10° g/mol, respectively) showed
considerableshear thinning behavior as compared tostbletion of bw molecular
weight PANCco-MAA (2.43 10° g/mol). The viscositiesf highmolecular weight PAN
co-MAA and PAN-co-lA solutionsare much higher than that of lonolecularweight
PAN-co-MAA solutionsat lower frequencyand decrease very fast and startonverge
with plot of lowmolecularweight PANco-MAA solution This isin good agreement
with high molecular weight solution behavior during solution preparation and spinning;
(i) while preparingsolution, the viscosity of high molecular weight soluti(l1l g /100 ml
DMACc) was higher thathat oflow molecular weigh{12.5 g/100 mL DMACc). fe
formerneeagdmore time to flow ando drop the same amouat solution from glass rod
dipped andakenout of solution (ii) duringspinning, theviscosityof highermolecular

weight solutionvas observed to Hewer[pressure valug-8 kgf) on extruding ranata
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givenextrudingram speed walower tharthat(~15 kgf)in low molecular weight

solution spinning case).
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Figure 52 Dynamic canplex viscosity of various PANolutions

5.3.2 TensileProperties

One of the importarissueson getspinning of high molecular weight PAN is to
determine suitable solution concentration. If the concentration is too low, poor spinning
and drawing stabty is expected although solution preparation becomes relatively easy
due to the lower viscosity. On the contrary, too high concentration of high molecular
weight PAN solution makes solution preparation difficult due to its high viscosity and
increased nmber of entanglement will adversely affect mechanical properties of
resulting fibers. To find proper concentration of the PEANVIAA (4.73 10° g/mol)
solution, solutions with various concentration levels (8.5, 9, and 11 g/ 100 mL DMACc)
were prepared and gspun into fibersThe solution with solid content of 8.31§0 mL
DMAc showed high viscositgluring solution preparatiomissolving the polymer and

agitatingsolution) However during the spinning thpressuren extrudingram was dw
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(under 10 kgf at 0.5 mm/min of ram speed while 20 kgf was usual for-polgmer

PAN (2.5 10° g/mol, 15 g/ 100 mL) under same processing parameters). The maximum
draw ratio was pursued for eacise The mechanical properties of feegelspun fibers

are summarized ifable 51.

Table 51 Mechanical properties dfie PAN-co-MAA (4.73 10° g/mol) control fibers

Conentration Drawing  Diameter Strength  Strain  Modulus Toughness
(9/100 mL) conditon§ ( € m) (GPa) (%) (GPa) (MPa)

8.5 131.25 45 135 0.680.17 6.90.7 16.34.1 26°9
9 0.741.135 13.7 0.6000.11 7.70.5 23.05.1 23°5

0.741.136 119 0.830.14 7.305 17.83.1 31°6
1 13213375 11.7 1.060.15 7.30.4 22.33.5 41°8

331.15 4.5 8.4 1.1°0.25 7.6°0.6 22.5°55 42°13

120em of spinneret orifice diametgiSDR3 CDR3 HDR

For the case of 8.5 g/100 mL solution, the fiber codilda drawn at higher draw
ratio due to frequent fibdareakags during drawingln general, number of
entangémensin asspun fiber can be reduced by utilizing gel spinning techniaye
number of chain erstlecreases with increasing molecular weight of poly&®rBased
on thisconceptgel spinning of ultra high molecular weight polyethylene (UHMWPE)
was successful to make high strength fidgi8-181]. If number of entanglemesis too
small the asspun fiber cannawithstanddrawing conditiondue to theslippageof
molecules resulting in fiber breakage. The maximum achievable draw ratio and
mechanical properties increasaith solid contentHowever, the variation in strength of
PAN-co-MAA (4.7% 10° g/mol) with the highest tensile strength (1.1 GRanore than
20% which might be due to micro levehmmogeneityof solution due to the high

Viscosity.
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The mechanical properties of homo polymer PAN{Z@ g/mol) are
summarized imable 52. The throughput ram speed was increased from 0.5 to 1.0
mm/min to maintain the pressure on the thrust ram (pluage80kgf, since the
extrudde was unstable at 0.5 mm/min ram speed due to low pressure. Considering
spinneret size and draw ratio, the diameter of fully drawn filseedatively large due to
the high throughput rate. Also, tensile strength of these fib&wer than the prediet
valuereportedn literature[182] as shown irFigure 53. Based on these observations,
further process optimizations are necessaryitber spun usindnigh molecular weight

PAN.

Table 52 Mechanical properties of PAN (ZA.0° g/mol) control fibers

Conentration Drawing Diameter Strength Strain  Modulus Toughness
(9/100 mL)  condition$' (em) (GPa) (%) (GPa) (MPa)

331.135.2 147 0920.06 6.804 21.82.2 344

431352 8.6 0.950.06 6.30.4 22.21.8 32°4

120em of spinneret orifice diametefSDR® CDR3 HDR
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Figure 53 Tensile strength and modulus of PAN film drawn from gel state as a function
of molecular weighf182]. Mechanical properties of ggpun PAN fibers are plotted
together in solid circle (maximum tensile strength) asldisquare (maximum tensile
modulus).

Gelspinning of PANco-1A control and PANco-IA/FWNT (1 wt.%) composite
fiberswere conducted with various concentrations and spinning Setephanical
properties of gespun fibers are summarizedTable 53 (cortrol fibers) and 6.4
(compositefibers). Firstly, multi filament (¥ hole) spinneret wassed. The pressuren
extruding ramwashigher than 20 kghnd maintained stably due to the high ram speed
for deliveringsolution to each hole. However, the differesdn diameter between
individual filamentswereobservedand resukd inlarge deviation in tensile strength.
Secondly, singkhole spinneret with small diameter orifice (120, and (80 was used
for spinning. Large diameter (~1548n) fibers were madiromthelowest solid content
solution, since high throughput rate (ram speed of 1.0 mm/min) wasrsaintain the
fiber formationdue to the low viscosity of solution. The maximum drawo of

composite fibers wasom 12 to 21 whereaghe draw ratiodr thecontrol fibersranged
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between 6 and 9.LZastly, brcomponent gespinningwasperformed tgroducesmall
diameter fiberThe dameter otthe PAN-co-IA/FWNT core component composite fiber
was 6.3 ~ 6.um after removing shell componeiithe improvenent of mechanical
properties of the high molecular weight PANH-IA fibers are expected by process

optimization pptimumsolid content, dimension of spinneret, draw ratio etc.).

5.3.3 Structural Changes by Processing

To understanthe effect of processig parameter on structural chaggbe PAN-
co-IA/FWNT (1 wt.%) composite fibers with various draw ratio was sampled and
characterized using WAXD. Aspun fibers with different spidraw ratio (SDR)
demonstrat@ositive relation between SDR adepacing atio (dz¢-17/ dag-3¢°) @S shown
in Figure 54 andtabulatedn Table 55. Thed-spacing ratio of fully drawn fibers
approachedalue of /3 regardless of SDRnplying hexagonal crystal structure
However,d-spacing ratio of intermediaftasspun, or coldirawn) fiber is less than 1.65.

Crystallinity versugotal draw ratio plot is shown iRigure 55. Crystal size othe
fully drawn PAN-co-IA/FWNT (5.2° 10° g/mol) composite fiber is ca. 11 nm which is
smaller tharthatof PAN-co-MAA (2.4° 10° g/mol) reported in Gapter 3At a given
draw ratio, crystallinity of PAN in fully drawn fiber may not affected by molecular
weight of PAN, since PAN crystal structure in fully drawn fiber is thought to be
hexagonal crystal with 2limensional ordefThe Hermargs orientationfactor fpan) Of the
fully drawn PANcao-IA fiber is low (~0.81).

The WAXD results ofthe PAN-co-IA/FWNT (1 wt.%) composite fiberare

summarized imable 55.
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Table 53 Mechanical properties dfie PAN-co-IA (5.23 10° g/mol) control fibers

Concentration Drawing Diameter Strength Strain Modulus Toughness
(g/200 mL) conditions (e m) (GPa) (%) (GPa) (MPa)
7 hole(250€ m) 12 232.6° 6.6 16 1.080.27 7.6°1.0 23.1°4.5 42° 15
13136 13.8 0.730.20 94°2.0 16.35.4 43°23
1.5 1.434.6 10.5 0.780.12 6.30.4 27.63.0 26°6
120em
spinneret 105 15 1354 11.7 0.720.12 7.40.8 16.0°2.6 30°8
231343 111 0.76°0.13 7.40.8 16.6°3.5 32°10
231345 10.8 0.820.11 7.20.7 18.002.7 338
Bi-component 10 13 2.135.7 13.4 0.730.05 6.1°0.4 17.01.4 24°3

(core/shell)

Diameter of fibers was obtained by measuring weight of fih@rgiven length, assuming PA®Y-IA density as ~1.1883]
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Table 54 Mechanical properties dfie PAN-co-IA (5.23 10° g/mol)/FWNT (1wt.%) composite fibers

Concentration Drawing Diameter Strength Strain Modulus Toughness
(9/200 mL) conditions (e€m) (GPa) (%) (GPa) (MPa)
7 hole(10C m) 12 132345 9.3 0.930.14 7.205 22.43.7 347
. 31175 6.7 0.86°0.08 7.20.6 20.01.7 32°4
Bi-component 12
(core/shell) 3115 8 6.3 0990.16 7.0°11 24633 3811
231.4285.45 10.7 0.930.08 6.70.6 23.02.1 33°5
12
23 1.4 5.66 10.6 0.880.05 6.4°0.6 21.01.4 30°3
120em 231554 15.8 094009 7.9906 22323 40P 6
spinneret
10 23157 14.9 0.790.10 6.1°0.7 21.72.2 25°5
23253 15.5 1.020.09 7.50.7 23°15 41°6
0.3 1.2 10 18.6 0.870.09 6.5°0.5 21611 3004
131.136.7 15.2 0.71°0.11 6.1°0.7 20.1°1.8 25°6
150em 10
spinneret 28135 10.1 0.870.08 6204 20913 20°5
231.634.4 9.6 0.890.08 6.6°0.3 21.001.3 30°4
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Figure 54 Changes iml-spacingratio (dog-17/ dog-3c) of the PAN-co-IA (5.23 10°
g/mol)/FWNT (1wt.%) composite fibergas afunction of total draw ratio
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Figure 55 Relationship between crystallinity and draw rdtinthe PAN-co-1A (5.23 10°
g/mol)/FWNT (1wt.%) composite fibers
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Table 55 WAXD results ofvariousPAN-co-IA (5.23 10° g/mol)/FWNT (1wt.%)

composite fibers

Drav_v?ng Crystallinity Crystal size ¢ A o T o170
conditions (%) (nm) PAN meridional Idog-3¢
035131 375 2.9 0.051 40.08 1.6000

0351281 40.5 3.3 0.141 39.99 16120
035141 42.8 3.3 0.184 39.81 1.6164
035 1.6%1 43.1 3.3 0.215 39.81 16153
0.3% 2310 57.1 8.8 0.784 39.04 1.7252

13131 34.5 3.2 0.162 40.19 1.6145
131.131 42.5 3.2 0.152 40.02 1.6114
131.281 43.0 3.4 0.239 39.99 1.6355
131431 43.9 3.3 0.261 39.86 1.6307
131631 44.1 3.6 0.291 39.61 1.6354

23131 36.3 3.3 0.105 40.12 1.6251
231.21 44.1 3.4 0.277 39.72 1.6368
23131 45.4 3.4 0.297 39.74 1.6450
23151 46.8 3.5 0.302 39.50 16478
231.6°1 47.4 3.4 0.304 39.69 1.6396

23231 49.4 3.6 0.354 39.63 1.6446
231.136.7 54.0 9.2 0.764 39.17 1.7233
231.35 524 10.6 0.782 39.27 1.7258

231.4285.45 56.4 10.5 0.791 39.16 1.7297
231.42°5.66 56.9 10.9 0.810 39.36 1.7307
2316344 49.1 111 0.792 39.23 1.7277

AHermarts orientation factoof PAN, T meridional peak positiqrd,g-1~ d-spacing at @~17°, dog-3¢ d-

spacing at 8~30°
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5.3.4 Effect ofHeat-Setting

Some ofthefully drawn PAN-co-IA/FWNT (1 wt.%) composite fiberaere heat
treated ana@haracterizedor their mechanical properties to prevent change of structural
andmechanical propertieafter prolonged shelf timas discussed iGhapter 2. No
noticeablechanges of mechanical properties are obsepvied to and after heagetting
(Table 56). However, increased crystallinity and reduced crystal size and orientation

were observed as listed Trable 57.

Table 56 Comparison of mechanical propertiestioé PAN-co-1A (5.23 10°
g/mol)/FWNT (1 wt.%) composite fibers before and afteattreatment

Drawing Diameter Strength Strain Modulus  Toughness

conditions (e€m) (GPa) (%) (GPa) (MPa)
231.4285.45 10.7 0.93°0.08 6.70.6 23.02.1 33’5
Heat setting * 10.7 0.83°0.07 6.8°04 21.1°1.5 31°4
231.425.66 10.6 0.88°0.05 6.4°0.6 21.01.4 30°3
Heat setting* 104 0.88°0.09 6.70.5 21.92.4 32°5

* at 100°C for 48 hours

Table 57 WAXD results ofthe PAN-co-IA (5.23 10° g/mol)/FWNT (1 wt.%9 composite
fiber befare and afteheattreatment

Drawing Crystallinity Crystal size ; od s dog17 /
conditions (%) (hm) PAN meridional Oot-30r
231.42° 5.66 56.9 10.9 0.810 39.36 1.7307
Heat setting* 62.6 10.3 0.801 38.98 1.7290

* at 100°C for 48 hours
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5.4 Conclusions

Dynamic rheological test dhe high molecularweight PAN solution showed
stronger shear thinning behavidhan low molecular weight PAN, suggesting the
feasibility of extrusionand spinningregardless otheir high viscosity at low shear rate
region.PAN-co-IA (M, 5.2° 10° g/molyFWNT (1 wt.%)composite fibers with ~1 GPa
tensile strength and ~223 GPa tensile modulus were obtaindding bicomponent
fiber spinning technique with coshell geometry, small diameter (aboyir®) PAN-co-
IA (My, 5.23 10° g/molYFWNT (1 wt.%)composite fibers were obtainadd exhibited

~1 GPa tensile strength and ~25 GPa tensile modulus.
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CHAPTER 6

INTERPHASE VOLUME FRACTION IN T HE COMPOSITE

6.1 Introduction

Efforts have beemade to improvéheinteraction between CNT and matby
surfacemodification[101, 184194]. Also, enhanced mechanical properties which exceed
therule of mixtures were reported due to the devetognt of well order polymer phase
the vicinity of CNTg[122]. This implies expanded interphase due to the templating
capabilityof CNT. Several tudieshave beemeportedmportance of interphase the
nanocompositeystens [99, 195204]. Theschematic illustrations fonterface and
interphase are shown Figure 61. In this study, volume fraction of interphase in
polymer (PAN) matrix was calculated as a function of interphase thickoR3s
concentrationand diameter. It is expected that this study will give an ideatdbe

guantity of CNT loading required for obtaining the desired structure.

- } Interphase
CNT  —> Z (CNT-templated

polymer crystal)

Polymer-CNT interface

Figure 61 Schematic illustration for interface and interphase
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6.2 Experimental

6.2.1 Calculationof InterphaseVolume Fraction

Consder interphase thickneg$g between polymer matrix and CNT siown in

Figure 61, and thernvolume of interphasé/pterphasg IS:

s — 2 —2 )
F(DCNT + 2|) DCNTf'I A
\/. - _ N @
interphase p'lf 4 4 ,{g CNT (6 1)

,O(i 2 +iBCNT)®CNT

where, Denr is average diameter of CNIgyr is total sum of all CNTength

(ICNT =a (individual length of CNT)). It is assumed that all CNTs are individually

dispersed.

Shade : Interphase
or templated crystal

Figure 62 Schematic diagram of interphase between polymerér fitatrix and CNT

Supposéd, asmasspercent of CNTin polymer matrix, then relation between mass of

PAN (Mpan) and that of CNTNlcnT) IS:

= —M CNT (6.2)
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The masses of PAN and CNT are

_ .. _ C£_2
MCNT = len (yCNT = len 4 DCNTICNT (6 3)

Mean = 7 oan oy = 7 pan @ D ferl fiver - EBENT'CNTS
¢4 4 + (6.4)

where,} cntis density of CNT and/cnris total volume occupied by CNTspan IS

density of PAN Vpanis volume of PANDjsiwe is thediameter of PAN/CNT composite

fiber, andlsiper is the length of composiféoer, respectively.

UsingEq.(6.3) and Eq{.4), Eq. 6.2) can beewrittenas follows

3 —2 §_ 100- f —2
rPAN£ Dﬁberl fiber ~ P DCNTICNT8: — et P Denl oy
c4 4 = f 4

m (6.5)
From the Eq#&.5) total length of CNT can be expressadgiven by EqG.6):

2
fm r PAN D fiber

Dent[(100- £, )7 oyr + frrt

m”® PAN

ICNT -

3 Ifiber
] (6.6)
As stated earlier, CNTs hatlege ability to template crystal structure. For this reason,
interphase region between polymer matrix and CNT might affect properties of composite
considerblydue to the perfection of the structure. Chae Et22] reported enhanced
mechanical properties of PAN/CNT composite system due to the crystal structure in the
vicinity of CNTs. Crystallinity contribution from PAN crystakemplatel from CNT can

be calculated by volume fraction of interphase inrima

-2 P
\/interphase _ ,O(I +1 DCNT) lCNT
V p 2 —_—2
PAN _
Dfiberl fiber DCNTICNT

4
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) P
Vinterphase — 4fmrpAN(| +|DCNT)

— by substituting EqQ.6) 6.7)
Vean (100- fm)DCNTI’CNT

6.2.2 Calculationof CNT-CNT Distance

Average distance between individual CNTs gives the information of room for
interphase. To calculate CNEnter to centadistance, ideal dispersion of CNTs was
assumed as shown fiigure 63. Also, ideal alignment of CNTs along the fiber direction
throughout composite fiber was assumssuminghexagonal arrangement of CNTs of
which side length ig, and the number of CNTs axethen total number of CNTs are

3x*+3x+1. Total area occupied by all CNTisthefiber cross section is:

_p CB(ZZNT

Aot_cnt = 3 (3x* +3x+1) (6.8)

Lengith - a, x number of CNTE

A
" ™
o o o
o O o
a
o Qo
o o

Figure 63 Schematic diagram of CNT arrangemanideal dispersion

Volume fraction of CNEin thecomposite could be preserved as area fraction of
CNT in composite for the case of ideal dispersion as stated earlier. Seectesl

area of composite fibes:i
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Pcomp = ?5?1]? 083 pOZCNT ? (3¢ +3x+1) (69)

where f, is volume % of CNTs in composite.

Consider dexagoml array shown irFigure 63 of which areakeqy) is equal to cross
sectional area of composite fiber, then the side ler&ytbf(hexagorcan be expressexs

follows:

P @(ZZNT

3 (3x* +3x+1) = Acomp

a=Dcnr %\/_ 1/(3X +3x+1) (6.10)

Sinceside of hexagon déngtha consists ok number of CNTs, the CNTNT distance

can be calculateds follows

_= & p ;100G (3x*+3x+1
%_ 1= Do @%@&f_ﬁ 1I—Xz_ i1 (6.11)

Thenumber of CNTsX) is fairly large so the CNTCNT distance igjiven by following

expression
Denr %\/_ 00 \/_ (6.12)

The relation between the volume percdy)tgndmasspercent(f,) can be obtaineds

follows:
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M CNT

VCNT 3 I ent
,=——oNT__aq00= 2100
VPAN +VCNT 100- fm (")M CNT MCNT
fm ! pan I ent
f O
m > PAN 3100 (6.13)

B (100' fm) OCNT + fm OPAN

By using Eq.6.13), CNT-CNT distance can be expressed in termmasspercentas
given by Eq.6.14).

BCNT\/,O[(]-OO' fm)OCNT + fm OPAN]
2038, O oy (6.14)

6.2.3 MassDensity of CNTs

Mass densities of CNTs are listedTiable 61 Densityvalues foMWNTs are
obtained byaveragng possible valuesém Table D.lin Appendix D The possible
values were calculated basedvamious numbers of walls that may exist for a given outer
diameter MWNT. For example, a MWNT with an outer diameter of 4 nm, may possibly
contain 2 to 6 possible walls. Density values for such 4 nm MWNTSs will vary from 1.09
to 2.06 g/cm. The averagaumbe density for allpossible 4 nm diameter MWNTS is

1.67 nm (see appendix D).

Table 61 Average nass density of CNTs

SWNT MWNT
L *
CNT 1 2 3 4 4 5 6 7 8 9 10
(nm)
Fent 155 1.01 0.75 0.59 1.67 171 1.88 1.88 191 1.95 1.97
(g/cnT)

* diameter of CNT
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6.3 Results andDiscussion

6.3.1 Interphase in theComposite System

In the EQ.6.7), volume fraction of intphase appear to be inversely proportion to
diameter of CNT and density at given interphase thickness. However, density of SWNT
increases with decreasing its diameter. Thesdliff@rentcontributionsmake itdifficult
to predict the changes in volumadtion of interphase as a functionNT diameter.
Figure 64 shows warious volume fractions ¢ AN-CNT interphase in matrix as a
function of interphase thickness for the case offd.% CNT loading.At agiven
interphase thickness, the volume fractodnterphase increases with decreasing
diameter of SWNT as shown kigure 64 implying that contribution of diameter of
SWNT is stronger than that of density for volufractionincrease. For the case of
MWNTs, slope of the volume fraction of interphasgvesdecreases fast with increasing
diameter of MWNT, sincéheir density differences between MWN®Edifferent sizeare
small. Densitycontributionon volume fraction can be observed by compavimigme
fraction curve for 8/NT of 4 nm(} =0.59)and that foMWNT of identicaldiameter
(1=1.97) Volume fraction curve of the former increases more rapidly than the latter due
to the low density.

Previously reported high resolution transmission electron microscopyl R
of the PAN/SWNT shaed well ordered PAN structure (~ 10 nm in thickness) in the
vicinity of SWNT. In PAN/CNT composite, the ordered PAN structures surrounding
CNT can be regardeak theinterphaseegionbetween CNT and PAN matriBased on
thecalculatiors in this studyyolume fraction ofordered PAN (interphasean be 33%
(marked in Figure 6.4)y usingonly 0.1 wt% of SWNT (1 nm diameter) loading when
interphase thickness is 10 nithis implies that significant structural change can be
achieved even with low level of CNdading iffully exfoliatedsmalldiameter SWNTs

are used.
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Figure 64 Volume fraction of interphase as a functiorirdérphasehickness at 0.Wt.%
of CNT loading

In previous Chapter 3, ~ 4 nm diameter FWNTSs were useldoagsin HRTEM
imagd80] of Figure 65 (a). If all FWNTSs are individually dispersed and coated ®gm
of ordered PANco-MAA molecules aboutl7% (expresseavith diamond mark ifFigure
6.5 (b)) of ordered PAN in the vicinity of FWNTare expecteddowever, MWNT of 10
nm diameter could contributess than 5%hangeof PAN-CNT interphasdexpress with
square mark ifrigure 65 (b))when 10 nm thick ordered PAMNolecules wrap around
MWNTSs. This implies that diameter of CNT tise dominant factor for structural
evolution of PAN/CNT composite at given CNT concentrat®aised on this observation,
it is difficult to expect increased crystallinity by templated ciylstan large diameter
MWNT such as used in Chapter 2 (~53 nm) at 1 wt.% of MWNT loadialyime

fraction curves in boxed areaBigure 65 (b) aremagnifiedin Figure 66 to clearly

compare the curves.
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Figure 65 (a) HRTEM micrograph of pristine FWNT with schemd80] (b) volume
fraction of interphase as a functionioferphasehickness at Wt.% of CNT loading
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Figure 66 Volume fraction of interphase as a function of thicknessvett% of CNT
loading

The changén crystallinity bytemplatel crystalcan be significantly enhanced
whenl1l0 wt.% ofCNT loading isused,as shownn Figure 67. Even with large diameter
CNT (=~ 10 nm), considerable crystallinity change ( > 20%) can be expected when

ordered PAN molecules are developed outside of CNT at thickness of 6 nm as expressed
in Figure 67 with oval mark.
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Figure 67 Volume fraction of interphase as a functionrmaérphasehickness at 1t.%
of CNT loading

6.3.2 CNT-CNT Distance

The average distance between individual CNTihéndeally dispersed PAN/CNT
compositas proportional taheroom where PAN molecusecanexist. If PAN matrix

consists of 100% crysta&mplatel by CNT, then CNICNT distance is equal to:

Denr +2i (6.15)

Average distance between individual CN3salculated byeq.(6.14) andEq.(6.15), and
is compared inrable 62 at various CNT diameteand amount o€ENT loading. Each
correspondinglistances are almost equal in all cases. Calculated distanc&dr(g1i4)
is slightly shorter than that froaq.(6.15) becausthe formercan underestimate the
distance by assuming large numkén Eq.(6.11). Well matched results mutuaflyove
both equation@.14) and §.15). At given CNT loading, average distance between
individual CNTs increases with increasing diameter of CNTs. By addimg @NTS,

average CNICNT distance decreases as showhRigure 68.
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Table 62 Comparison of calculated distanoetweenndividual CNTs

CNT-CNT distance (nm)

from interphase calculatigiequation 6.15)) from equation(6.14)
0.1 0.5 1 2 5 10 20 0.1 0.5 1 2 5 10 20
1 363 162 115 81 51 3.6 2.5 345 154 109 77 49 34 24
2 586 26.2 186 131 83 5.9 4.2 558 25.0 177 125 79 56 4.0
SWNT
3 754 338 239 170 108 7.8 5.6 71.8 322 228 162 103 74 54
4 89.4 400 284 202 129 94 6.9 851 381 270 192 123 89 6.6
4 1505 673 475 335 211 148 103 1433 640 453 319 201 141 938
5 1903 851 601 424 26.7 187 13.0 181.2 810 572 404 254 178 124
6 2394 1070 756 534 336 235 163 228.0 1019 720 508 320 224 155
MWNT 7 279.4 1248 882 622 391 274 19.0 266.0 1189 84.0 593 373 26.1 181
8 321.8 1438 1016 717 451 316 219 306.5 136.9 96.7 683 429 30.1 208
9 365.8 163.5 1155 815 512 359 248 348.3 155.7 110.0 77.6 488 34.1 236
10 4085 1825 1289 910 57.2 400 277 389.0 173.8 122.8 86.7 545 38.1 264

* diameter of CNT
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Figure 68 Average SWNTSWNT distance as a function of SWNT (2nm diagnget
loading

6.4 Conclusions

Volume fraction othe PANCNT interphase ithe composite systerwas
calculatedCalculatiors show that 6 nm thickness of ordered PAN molecules in the
vicinity of 1 nm diameteBWNT can enhance the crystallinity by ~ 13%en only 0.1
wt.% of SWNTSs are incorporated in the system. The RANIAA/~4 nm diameter
FWNT (1 wt.%) fibers prepared in Chapter 3 can expect about 10% volume fraction of
ordered structure in the vicinity of FWNTs when 6 nm of interphase thickhassuned.
On theother handPAN/~53 nmdiamete™MWNT (1 wt.%) fibers used in Chapter 2 can
expect little crystallinity change BMWNT templatedPAN crystal structurén the

interphase regioat thickness of 6 nrdue to the largdiameter of MWNT.
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CHAPTER 7

CONCLUSOINS AND RECOMMENDATIONS

7.1 Conclusions

Interaction between PAN and MWNT enabled theggein PAN/MWNT
composite fiber to be drawn to a higher draw réliR=55), than the control PAN fiber
(DR=35) resulting in the composite fiber tensile strengilue as high as 1.3 GPa.

At a given draw ratio, the diameter of PAN/MWNT fiber is smaller than that of PAN
fiber, since the elastic recoveyhich causes diswell) of PAN moleculecan be
reduced in the presence of MWNdsringspinning After 3 yearsof shelftime,
significant decrease in tensile strenggivout ~16%of PAN/MWNT composite fiber
was observewith deterioration of the PAN structure such as reduced crystallBugb (
of fresh fiberreduced to 56%) and PAN orientatidpaf became 0.845é&m 0.903 of
fresh fiber).

Dynamic and steady shear rheological response effgehing solution showed
that viscosityand storage moduluf the PAN-co-MAA /FWNT (1wt.%) composite
solution is higher than that gfecontrol solutiorat low shear rate ggme due to the
network of FWNTSs which contributes to elastic response. On the other hand, at high
shear rates, the network of FWNTs can be broken resulting in low viscosity for the
composite solution than for the control solutiBy.introducingcold-drawing process,
tensile strengtlas high ad.15 GPawas achieved fathegelspun PANco-MAA (M :
243 10° g/mol) control fiberandtensilemodulus (31.7 GPa) dhe PAN-co-

MAA /FWNT compositdibers were improved when compared with fibprepared
without cold-drawing Cold-drawingprocess is alspesponsible for largecrystal size
(16.2 nm) and higher degreelVNT orientation(frwnt). FWNT orientation fewnr) is

significantly higher than PAN crystal orientatidpag) at early stage pcessegmplying
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that healignmentof FWNT along fiber axis occurs prido the orientation of PAN
crystal Continuous stabilization and carbonizatadrsingle filament of PANco-MAA
was demonstrated.

The lution-spun PANco-MAA/VGCNF composite fibergxhibited smaller
diametercompared to control fibers produced unther comparable processing
conditions. This is consistent with diameter observation e§peh fibers. The-spacing
ratio (Oxq-17/ dog-3¢) Of the solutionspun PANco-MAA fiber is araind square roaif
three(~1.732)regardless of total draw rafiwhereas that dhegelspun PANco-MAA
fiberincrease from ~ 1.63 to square roof threewith increasing total draw ratidhe
newmethodfor evaluationof doublelayer VGCNForientationwas developed-or as
spun fibersfycenris higher tharpan , implying thatorientationof VGCNF lead that of
PAN crystal.PAN orientation fpan) for asspun PANco-MAA/VGCNEF fiber increases
with increasing spin draw ratio (SDR). At a given-doaw rato, fpay also increases with
increasing SDRmplying that spindrawing helps PAN molecules align to the fiber axis.
On the other hand, halraw ratio decreases with increasing SDR. For fully drawn fibers,
the mechanical properties increased with decreagimegdraw ratio, due to the higher
hot-draw ratio.

Dynamic rheological test dhe high molecularweight PAN solution showed
stronger shear thinning behavidhan low molecular weight PAN solutioBmall
diameter (~@um) PAN-co-IA (M,, 5.28 10° g/mol)/FWNT (1 wt.%) fibers with tensile
strength of ~1 GPa and tensile modulus of ~25 GPa were prepared by utikizing bi
component spinnintechnique

Volume fraction oPAN-CNT interphase ilPAN matrixwas calculated.
Calculatiors predict thatmcorporation of only 0.1 wt.% df nm diameteEWNT can
increase crystallinity by ~13% when ordered PgiNiseof 6 nm thickness are developed

in the vicinity of SWNTSs.
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7.2 Recommendations

1. Changes in structure and properties of thesgpein PAN fibeias a function of
shelttime wereobserved Chapter 2). To avoid these changes, 4se&ting methods of
the fully drawn PAN fiber should be developed and optimized. The optimization of heat
setting conditions wilincludeheat treatment temperature, tiraad applied tension.

2. Gelation condition is important to improve perfection of crystal structure of
PAN and to minimize defects. Limited studies of evaluation for the gelation temperature
of PAN solution were presented in AppendixFAirther systematistudy is required
underthe consideration ovariousparameters such as polymer molecular weight,
polymer concentration (solid content), temperature, cooling rate, and types of gelation
medium.

3. Preparation of homogeneous high molecular weight PANiealig
challenging due to the high viscosity of the solutionder dow shear rate process such
as stirring, and agitating. High shear mixing method should be developed for high
molecular weight solution preparation.

4. The reliability of carbon fibein mechanical properties is an important issue for
composite application. The degree of scatter in tensile strength of carbon fiber prepared
in this study was evaluated using Weibull model (Appendix C). Correlttengveibull
modulus of carbon fiber ant$ structurewill support validity of this modelF-or structure
characterizatiortiR-TEM and small angle Xay scatéring (SAXS) studies are needed
to evaluated defect in carbon fiber.

5. Continuous stabilization and carbonizatodrsingle filamentwasdemonstrated
in Chapter 3yet needdurtherprocess optimizatiorin this respegtfurther investigation
should becarried oubn time (residence time in heating zone), temperature, and tension

during stabilization and carbonization and resulting cartimmr Structure and properties
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APPENDIX A
OBSERVATION OF GELAT ION BY MONITORING

RHEOLOGICAL RESPONSE OF POLYMER SOLUTION

A.1 Introduction

During the gel spinning, PAN polymer solution immersed into quenching bath
turns gellike state which is thermpeversible network structure formed by three
dimensional physical bond§hese physical bonasn be broken by increasing
temperaturg205] due to the low energy levak comparetb chemical bonds. Possible
reasons for reversible gelation are: (i) rapid crystallization, (ii) changes of polymer
solution such as increasing concentratgmowingthe molecular weight, or cooling, and
(iif) change of solubility in polymer solution by adding rResivent or quenching. In this
study, dynamic rheology was used to determine gelation tempevdtateergeklike
state during gespinning is ascried to rapid cooling, since dynamic rheology is suitable

and powerful tool to monitor the change of crbsking andmicrostructurg206-212].

A.2 Experimental

Polymer solutions used in this study were preparatkéasribed in Chapter 2.
Solid content ofhe PAN-co-MAA (5.03 10° g/mol)/DMAc solution was set as 10 g/100
ml in DMAc. Temperatursweep tests were conductesing ARES rheometer
(Rheometric Scientific, Co.) witharallelplate geometry25 mm of plate diameter and 1
mm of gap between plate§emperature was decreased from room temperatub® f@C
ata cooling rate o6 °C/min.T he angul ar wasfixed @108 rad/spith ( ¥ )

strain of 5%after temperaturrequency sweep test.
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A.3 Results andDiscussion

Temperature sweep of compleiscosityresults with various spinning solution
used inChapter 2 and 4 are shownkigure A.1. If gellike state of solutiomtthestage
of spinningexclusivelycaused by quenching(low tempena) then abrupt changes in

rheological response should be observed by temperature swé¢2paest

10°

PAN-co-MAA (240K)DMAc
PAN-co-MAA (240K)/DMF

o
PAN-co-MAA (240K)/FWNT (0.5 wt% )/DMAC
(500K)
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o e

PAN-co-MAA (500K)/DMAc

]

o
»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»
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FigureA.1 Complex viscaeity of the PAN-co-MAA solutions as a function of
temperature

PAN-co-MAA (2.43 10° g/mol) /DMAc solution showedapid shaoting of complex
viscosity at the temperature bele#B °C. However, this suddencreasewvas not caused
by gelaton of solution but caused by frozen DMAthosefreezingtemperature is4 °C.
This was confirmed by changing the solvent from DMAc to DMtosefreezing
temperature is61 °C. Complex viscosity athe PAN-co-MAA (2.43 10° g/mol) /DMF
solution increasegraduallyas temperature goes down (blank trianglBigure A.1).
Freezing of DMAc was not observed when small amountw@%) of carbon nanotubes

was added in polymer solution everz@ °C (grey diamond ifrigure A.1).PAN-co-
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MAA (5.03 10° g/mol) /DMAc solution didii showswift viscosity change caused by
gelation even though the more entanglements are expected by the higher molecular
weight. NonethelessPAN-co-MAA (5.0% 10° g/mol) /DMAc solufon didn show
freezing of DMAC.

Loss factor (tani) of various solutionplotted inFigure A.2 shows that tat
decreasedhonotonouly as decreasing temperature exdepthe PAN-co-MAA

(2.43 10° g/mol) /DMAc due to frozerof DMAc.

PAN-co-MAA
PAN-co-MAA
PAN-co-MAA
PAN-co-MAA

240K)/DMAc

240K)/DMF

240K)/FWNT (0.5wt%)/DMAc
500K)/DMAc

a0pbe

tan 3

0.1 T T T T
-60 -40 -20 0 20

Temperature (°C)

FigureA.2 Loss factor (tani) of PAN-co-MAA solutions as a function of temperature

Figure A.3 shows storage and loss moduli of various solutidresP AN-co-MAA
(2.43 10° g/mol) polymerdissolvedn DMAc alsoshowed same crossover temperature of
8 °C regardless of carbon nanotubebereas crossover temperaturels °C was
observed for same polymer dissolved in DMF. For the caBPANEco-MAA (5.03 10°
g/mol) /DMACc solution showed higher storage modulus compared to lower molecular
weight polymer(2.43 10° g/mol).
Based on teseobservationgit is concludedhat quenching of PAN polymer (M

~ 5.08 10° g/mol) to -50 °C in therheometer doesotresult ininstananeousyer
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formation However, what role methanol plays in the gel formation is not clear from this

study.

FigureA.3 Storage and loss moduli of (a) PAN-MAA (2.43 10° g/mol) /DMAc, (b)
PAN-co-MAA (2.43 10° g/mol) /DMF, (c) PANco-MAA (2.43 10° g/mol) /FWNT (0.5
wt.%)/DMAc, and (d) PANco-MAA (5.0 10° g/mol) /DMAc solution as a function of

temperature









































































































